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Abstract. We propose a multi-agent cellular automata model for analy-
sing the traffic flow with various types of agents (drivers). Agents may
differ by their vehicles’ acceleration/deceleration values and the delay
value of their decision-making. We propose a model in which the main
parameters are chosen to reflect different types of driving. Based on valu-
able previous works, accurate data for possible acceleration/deceleration
are used. Additionally, to accurately reflect the cars’ dimensions and
their limited movement in a traffic jam, a small-cell cellular automaton
is used, where a set of cells represents one car. We present the results of
a numerical simulation showing the influence of the main factors of the
driving type on the traffic flow. Research shows that aggressive braking
has a greater negative impact on traffic flow than aggressive acceleration.

Keywords: Cellular Automata (CA) - Traffic Flow - Agent-Based Mod-
eling (ABM).

1 Introduction

There are many different models and analyses of car traffic and its effective-
ness [1-4]. Regarding the microscopic approach, one can point out classical mod-
els, which include, on the one hand, time—continuous car—following model like
the Intelligent Driver Model [5], and on the other hand, discrete traffic models:
Nagel-Schreckenberg [6] and Chopard-Luthi-Queloz [7], where the cellular au-
tomata (CA) paradigm was applied. Although these models are relatively sim-
ple, they allow for analysis of numerous dependencies [8-15], etc. One can also
identify a trend where drivers/cars are represented as agents with various abili-
ties and driving styles [16-18]. In [17], the authors used agent-based modelling to
point to on-street parking problems related to drivers’ behaviours. While in [18],
the authors used small—cell CA and multi-agent system to indicate the essential
aspect of road traffic, which is a corridor of life.
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Among others published research, a particular number of road traffic models
are oriented on the impact of vehicles’ acceleration and deceleration on traffic
flow. The first works assumed that the value of acceleration and deceleration is
constant for all vehicles. The value 1 was suggested, understood as acceleration
by one CA cell or braking by one CA cell — without distinguishing the size
of the cell [8-10]. In [19], the authors performed measurements for several se-
lected vehicles and determined the actual values of acceleration and braking. The
average acceleration value was 3.22m/s?, and deceleration - 8.49m/s2. In [20],
the authors proposed a new CA model which avoids unrealistic deceleration be-
haviour found in most previous CA models. They introduced a parameter Awv,
according to which vehicles change their speed. It was then possible to model
the traffic flow with different characteristics of acceleration and braking values,
i.e. vehicles belonging to different groups (passenger cars, trucks, etc.). In the
next article [21], a new simple model was proposed, in which the braking possi-
bilities were limited (as opposed to the Nagel-Schreckenberg model, where they
were unlimited [6]). Additionally, the possibility of accelerating vehicles with a
certain probability was introduced (compared to the aforementioned model [6],
in which only braking was based on a fixed random value). Hence, the presented
fundamental diagrams had more complex than those shown in earlier works. The
extension of [20] was presented in [22]. The authors gave the simulation results
on a two-lane system with periodic conditions and two types of vehicles with
different lengths and different limited velocities. The introduced model repro-
duces a realistic density dependence of the number of lane changes observed in
reality and the different traffic states.

In this article, we propose a multi—agent CA model to study the impact of
drivers’ behaviour and their delay ratio on traffic flow. In order to obtain the
possibility of indicating undesirable behaviours, we develop a CA model that
allows vehicles (agents of a multi—agent system) to move with various parameters
of acceleration/deceleration and a reaction distance, which is the additional gap
to the preceding car that the driver would like to leave. This idea is a novelty of
this work. Our model can reproduce some common characteristics of real traffic,
such as the variability of acceleration and deceleration value, the density of the
traffic flow, and various drivers’ reactions. We hope it can help to carry out
research on major negative factors for the road traffic flow.

2 Model

This work is based on a single-lane CA model for traffic flow, called LAT model [20]
and its extension [22]. The basic model consists of a number of vehicles moving
in one direction on a one-dimensional lattice, consisting of a number of cells
arranged in a ring topology (Fig. 1). Hence, the number of vehicles is fixed.
This allows for fixing an accurate density of traffic. Each cell is either empty or
occupied by just one vehicle (or part of one vehicle) travelling with velocity v,
which takes integer values ranging from 0 to v,,q.. It is assumed that vehicles
move from left to right. The system evolves in time steps At, which is taken
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to be 1 s. In each time step, the agents decide on their velocity and then move
accordingly. Each decision on the velocity is related to: a) the distance to the
neighbouring vehicle and its velocity that the agent is assumed to estimate, b)
the preferences of the driver, ¢) a small random factor.

Position: x,(t)
Velocity: vy(t)
Driver type: hpe,,
Reaction distance: di;rype

Acceleration: s ype
Deceleration: a_ e

Maximal velocity: v,z npe( 1)

Vn

1, d, (1)

Fig. 1. The general approach in this study.

2.1 Parameters

In our multi-agent CA model, it is possible to have several types of agents. That
is, several parameters that we introduce so as to model the traffic flow are based
on the driver’s (agent’s) characteristics. We thus first introduce the driver’s type.
We consider five driver types in the present study.

type € {I,II,11I,1V,V}. (1)
We then associate the following parameters to this driver’s type:
type = (dTanr»avamaz) (2)

where vp,4, 18 the maximum velocity that can be attained by the driver, a+
and a_ are the acceleration and deceleration values used by the driver, and d,
is a coefficient which governs what we call the reaction distance, i.e. a distance
needed by the driver to take action, which results in an additional gap between
the agent and its predecessor. We assume that d,. is the reaction distance when
the speed is maximal, and then it is equal to the gap. For smaller velocities, the
gap is defined by (7) below. This coefficient and the notion of reaction distance
(or gap) are new in our study.

We also have common parameters, independent of the driver’s type, which is
the maximal braking deceleration

Cmin = —H m/sz7 (3)
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and a factor R, € (0,1), which is the probability of a random slowing down, as
present in [6] and in most later works.

The values of (dy, a4, a—, Uma.) used for different drivers in the present paper
are given in Table 1. In what follows, we may omit their dependence on the
driver’s type in the notation.

2.2 Limiting distances

With the parameters defined above, we now define the velocity changes in each
step of the traffic dynamics:

Atv=ua,-1s, A v=a_-18 ApinV = Gmin - 15. (4)

Also, the velocity v of the agent — which will be computed in each iteration on
the dynamics — determines the so—called limiting distances, as in [22]):

dbrake(v) = Zmax (U + lAmzn’U,O) - 1s (5)
i=1
dsafe(v) = v - 1s + dprake(v). (6)

Here, dprqke(v) is the braking distance, i.e. the distance needed to reduce the
velocity to 0, when using the maximal deceleration a,,;,. The safe distance
dsq fe(v) is the distance covered in 1 s with velocity v plus the braking distance.
Note that the sum in (5) is actually finite and that the formula coincides with
[22, (5)]. Also, our (6) coincides with [22, (4)] (denoted by dy there).

Our new reaction distance (or gap) g is defined as follows: and for smaller
velocities, decreases linearly:

v

(7)

(v, type) — g = dy
vmam
i.e., the gap is equal to d,. when the velocity v is maximal, and decreases linearly
to zero for smaller velocities. This reaction distance may also be interpreted as
the speed of the driver’s reaction.
As for the parameters, we may omit the dependence of g on the driver’s type,
and write just g(v), by the sake of simplicity of notation.

2.3 Dynamics

Our system consists of N vehicles evolving in time steps ¢t = 0,1,.... In each
time moment ¢ and for each vehicle n we store:
(:En (t)v dn (t)u vn(t)7 l’l’w typen)> (8)

where: z,,(t) is the vehicle’s n position, d,,(t) = Zp41(t) — lnt1 — @, (8) is its
distance to the preceding one, v, (t) its velocity at time ¢. The static variables
In, type,, are the length and type of the vehicle n. Let us describe the evolution
from time step ¢t to t + 1.
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Dynamic safe distances. We first define, as a function of v, (¢), the following
additional distances, which are going to be crucial for the agent’s decision on its
speed in the next time moment:

d—n(t) = dsafe(vn(t) + A7v) + g(vn)
(vn(t), type) = § don(t) = dsage(vn(t)) + g(vn) : (9)
din(t) = dsage(vn(t) + Atv) 4 g(vn)

where dgqr. and g are defined in (6)—(7). Thus, do () is the sum of the safe
distance for the actual velocity, and of the reaction gap for the same velocity;
d_ ,(t) is the sum of a distance which is safe if the agent decreases its velocity,
and of the reaction gap for the actual velocity; d4 ,(t) is the sum of a distance
which is safe if the agent increases its velocity, and of the reaction gap for the
actual velocity. One may also consider a model with the same velocities in both
components of the sum; however, this would demand a slight modification of
the gap definition (7). It is a matter of choice and is not crucial for the present
study.

In the same way, we define the dynamic distances, which take additionally
into account the velocity of the preceding vehicle, that the driver of the vehicle
n is assumed to estimate (see [22, (1)-(3)]):

Dn(t) = max(du,n(vn(t)) — dorake(Vnt1(1)),0) (10)
where * € {—,0,+}.

Randomness. In each time step, we take a random number r(t) € [0, 1].

The decision on the velocity change. The determination of v, (¢ + 1), follows the
main lines of [22, (S3)]. However, we do not use the random factor for accel-
eration, which the authors introduce there, as we do not want to overload the
model with randomness and instead determine the influence of various drivers’
behaviour on the dynamics.

min (vy, (£) + A1 0;Vmas) if dy(t) > Dy (8)
(accelaration)
Un (1) if (dn(t) € [Do,n, Dy n(t)) or vy,(t) = Umas)
and r(t) > Rs
(random keeping the same speed)
max (v, () + A”v; 0) if (dy(t) € [Do,n, D n(t)) or v, (t) = Vaz)
and r(t) < Ry
(random slowing down)
max (v, (t) + A7 v; 0) if d,,(t) € [D— 1, Don(t))
(braking)
max (vp,(t) + Aminv; 0)  if d,(¢) < D_,
(emergency braking)

v (t+1) =
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Movement. Once the decision on the speed is taken, the vehicles move accord-
ingly; their velocities and the distances between them are updated:

Tp(t+1) =x,(t) +vn(t + 1), (12)

do(t +1) = Tt (t+ 1) — lnt1 — za(t+ 1). (13)

2.4 Agents behaviour

We give in Table 1 the five types of agents, their values of acceleration and
deceleration and the gap factor parameter d,., which determines the gap to the
previous car according to (7).

Table 1. Parameter settings for different agent types

Agent type|Gap (dr)|Acceleration (a4 )|Deceleration (a_)

I (0;5;10) |slow (1) slow (-1)

II (() 5;10) |moderate (2) moderate (-2)
"I (0;5;10) |aggressive (4) aggressive (-4)

v (0;5;10) |aggressive (4) slow (-1)

v (0;5;10) |[slow (1) aggressive (-4)

Agents of type I and II are the most standard, considered in most of the cited
research. Their specificity — the value of acceleration and deceleration, and the
gap (here d,, = 0) — is taken from other publications: [20, 19, 23]. Agents of types
ITI, IV and V correspond to the aggressive driving style. Agent III is totally
aggressive; the acceleration and deceleration values are almost the highest as
for real data for various cars’ descriptions [19]. The other agents (type IV and
V) are defined in view of determining which one of the factors — the value of
acceleration or braking — is more significant in maintaining traffic flow. Agent
of type IV is aggressive in the context of acceleration, while Agent of type V is
aggressive in the context of braking.

3 Numerical results

Numerical tests were performed for one type of vehicle with a length of 8 CA
cells, which is about 5 meters. The length of each cell is set to 0.625 m. A small
CA cell and mapping a car on a few CA cells allow for smaller vehicle movements,
which is essential in the case of such research, in which small shifts make a big
difference. The system size is assumed to be 3200 segments, corresponding to
an actual road length of around 2 km. One time step approximately equals 1 s
in real-time. Thus, the maximum velocity in the model is vy,q, = 24, which
corresponds to 54 km/h in urban traffic. The above values (CA cell size, 1 s
of time step) allowed us to obtain the integer values of real velocity (ie. v = 4
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corresponds to 9 km/h, v = 8 — 18 km/h, etc.). All charts with fundamental
diagrams show the results of the arithmetic mean of 100 simulations for each
density. Each simulation lasted 2,200 iterations. To analyze the results, the first
200 time steps of the simulation are discarded to let short-lived states die out
and reach the system’s steady state.

We used a PC with AMD Ryzen 9 (5950X), 3.40 GHz, 32GB DDR4 3200MHz
CL16 dual-channel, working under MS Windows 11 (64-bits) for all simulations.

The first study shows the impact of drivers’ behaviours on the traffic flow for
left, right and both lanes, respectively (Fig. 2). In this study, the parameter d,
is constant and equals 0 for each agent type. Each line presents a traffic flow for
a 100% of the certain type of agent (Table 1) and road occupation. As the chart
presents, each form of aggressiveness reduces the flow of vehicles. Moreover, the
non-trivial conclusion is that aggressiveness in braking is more destructive to the
traffic flow than aggressiveness in acceleration. Agents type III and V, with the
highest deceleration value, make traffic flow the least efficient, while agents type
IV slightly reduce it. In addition, it is worth noting the change in the shape of
the curve representing the road occupancy for agents type V. Its slope changes
sharply in the range of road occupancy from 40% to 70%. This change requires
further analysis in future studies.

dr=0m
Left Lane Right Lane Both Lanes
3000 3000 3000
© Typel © Typel . Typel
Type ll Type ll - Type Il
«  Typell «  Typelll «  Typelll
2500 © TpelV i 5500 © pelV o500 [ X © Typelv
- TypeV -« TypeV N « TypeV
2000 2000 2000
z
S 1500 1500 1500 .
T N
S AL
1000 XN 1000 1000
500 ' 500 500
0 0 0
20 40 60 80 100 20 40 60 80 100 20 40 60 80 100
Density [%] Density [%] Density [%]

Fig. 2. Fundamental diagram of the presented model for various types of drivers, and
dr = 0.

The space-time plots were additionally generated for this simulation study
(Fig. 3). We mark in red the moment when the lane changes occur. In this way,
the specificity of the behaviour of individual agents is revealed. Agents 11T and V
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Left Lane
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Fig. 3. The space-time plots of the present model, where d, = 0. Each line presents a
diagram for the left and right lanes. The next lines present the results for agents I-V
(from the top). The vehicles move from the left to the right, and the vertical direction

(down) of each graph means the next iterations.
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show up a higher frequency of changing lanes, which results in numerous changes
in the speed of other vehicles and consequently reduces the total traffic flow.

Furthermore, Fig. 2 reflects the most common approach when the reaction
distance (the gap between the vehicles) is 0: d. = 0. Our aim is to prepare a
CA model to study the effect of the extra gap to the previous car on traffic
flow. For that reason, based on the CA model extension, the next simulations
have been done, and the results are presented as fundamental diagrams (Figs. 4
and 5). The next simulation study was based on all the above-defined agent
types, but all of them use the privilege to have a distance to the previous car set
to 5 (d, = 5). This value is reduced as the vehicle’s speed decreases, as it was
described in section 2.1.

The possibility of an additional distance to the vehicle ahead revealed a
smaller range of maximum traffic flow value in relation to individual agents,
about 25% (Fig. 4) relative to 37% (Fig. 2). In addition, the flow characteristics
of traffic have changed. Increasing the gap caused disturbances in the trends in
the area of road occupation oscillating in the range of about 65% to 95%. In the
first study, agents type III generated the lowest ratio of traffic flow, while in the
second simulation, agents type IV generated the lowest throughput.

dr=5m
Left Lane Right Lane Both Lanes
+« Typel + Typel «  Typel
- Typell Type ll . < Typell
< Typelll < Typelll 2 < Typelll
2000 « TypelV | 2000 < TypelV | 2000 / ) + TypelV
- TypeV - TypeV 3 - TypeV
A
1500 1500 1500
2z
k)
o
1000 A 1000 AN 1000
X %
\
500 o) 500 N 500
0 0 0
0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100
Density [%] Density [%] Density [%]

Fig. 4. Fundamental diagram of the presented model for various types of drivers, and
dr = 5.

In the next study, we increased the value of parameter d,., which now equals
10. The results are presented in Fig. 5. Traffic flow decreased by about 48%
relative to agent type I and about 33% relative to agent type V in the study
with parameter d,, = 0. While the relationship between this study and the study
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with d, = 5 is a decrease of about 19% and about 13%, relative to agents type
Iand V.

dr=10m
Left Lane Right Lane Both Lanes
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< Typelll < Typelll . < Typelll
1750 © meew | 170 © e | 170 ’X C Teew
- TypeV - TypeV \ - TypeV
1500 1500 1500
1250 1250 1250
2z
E 1000 1000 1000 N
750 750 . 750 \
500 . 500 o 500 X oS
2501 | SN 250 R 250
0 0 0
0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100
Density [%] Density [%] Density [%]

Fig. 5. Fundamental diagram of the presented model for various types of drivers, and
dr = 10.

The space-time plots were also generated for this simulation study (Fig. 6).
Again, agents III and V have increased lane change variability. However, it is
smaller than when the parameter d,, = 0, which means that the value of this pa-
rameter is important for the overall traffic flow. The increased distance between
vehicles has an impact on traffic stability.

In addition, when the distance between the vehicles was increased, there were
disturbances in traffic flow for agents type I, II, III and V, in the range of the
road occupancy from about 60% to about 85%. This applies to disturbances on
each lane separately and on both lanes together. The results show a situation
where slow acceleration and braking generate an advantage in the form of a
fluent going of the whole stream of vehicles, even though for the road occupancy
above 60% traffic flow is lower for agents type III, and for the road occupancy
from about 80% for other agent types, for d,. = 10 (Fig. 5).

So as to present the difference between agent types more clearly, fundamental
diagrams for various values of d,. parameter are given in Figs. 7, 8.

4 Conclusion

This paper presents a multi-agent CA model to evaluate how heterogeneity in
road traffic caused by different driver profiles affects traffic dynamics. Drivers’
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2000 Both Lanes 2000 Both Lanes
d-=0m d=0m
-~ . dr=5m dr=5m
d-=10m . dr=10m
2500 2500 y
.A, =
2000 hY 2000
1500 1500
A\ .
% \
N N
1000 N 1000 \
\
N
500 500 B
N
0 0
20 40 60 80 100 20 40 60 80
Density [%] Density [%]

Fig. 7. The comparison of fundamental diagrams for various values of d, for agent type

I and II (from left).

100
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Fig. 8. The comparison of fundamental diagrams for various values of d, for agents

with any kind of aggressiveness (type III, IV, and V - from left).
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profiles, defined by varying acceleration and decelerations policies and the re-
dundant gap to other road users, are difficult to be observed in standard road
measurements and can only be evaluated through computational simulations.
Therefore, five types of drivers were defined, and the differences between them
were shown based on fundamental and space-time diagrams. Aggressive braking
has been shown to be more destructive to traffic flow than aggressive accelera-
tion. In addition, the model uses the representation of a single vehicle as a set of
several CA cells, which allows for a more realistic representation of urban speeds
and parameters considered in this article (acceleration and deceleration values
and the distance between vehicles).

Finally, the proposed model preserves computational simplicity, and its rules
make it possible to use parallel computing. This critical feature of the CA models
is therefore held.

The plan for future research is to examine the effect of the distance to the
preceding vehicle in relation to the agent types. This parameter turned out to
be an important factor causing a change in the characteristics of traffic flow,
especially when road occupancy increases. This knowledge is essential from the
point of view of designers of algorithms controlling autonomous vehicles.
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