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ABSTRACT:- Cellular automata (CA) have been used by many researchers for homogeneous traffic flow modelling. In
country like India, non lane based traffic prevails; hence, designing control systems for such situations is a challenging
task. Traffic simulation helps the analyst to model the behaviour of such complex systems. To represent multiple vehicle
types, a multi cell representation was adopted. The position and speed of vehicles are assumed to be discrete in
developed model. The speed of each vehicle changes in accordance with its interactions with other vehicles and is
governed by some pre-assigned (stochastic) rules. In this paper, mid block section two-lane heterogeneous traffic flow
model(MBTFM) using CA is presented. A conventional CA model is modified to handle heterogeneous traffic. While
addressing heterogeneity, essentials features of the CA like uniform cell size, simple rules, and the computational
efficiency achieved in homogeneous models are retained to a great extent by modifying cell size and developing certain
rules which control vehicles as well as the road characteristics. The cell size is reduced to accommodate more ranges of
speed, acceleration, size of vehicles and deceleration as well as to represent aggregate behaviour of vehicles. Further, to
address the issue of non lane based movement, lateral movement rules were proposed.

Calibration and validation of the model is also carried out at macroscopic level using real-world data. The model is
verified for the microscopic characteristics with a conventional car-following simulation model. The model performed
reasonably well. The results show that developed model can be used as an effective tool for heterogeneous traffic flow
modelling considering the computational benefit and simplicity in developing CA models.

Key words: Cellular automata, Traffic flow modelling, Simulation, Macroscopic, Microscopic, Homogeneous and
Heterogeneous traffic flow.
1. Introduction

Traffic flow modelling describes the dynamics of different type of vehicles and their interactions using mathematical
relations to derive traffic flow characteristics. Micro simulation approach which incorporates the car-following theories is
commonly adapted to model traffic. They require considerable computational power and many input parameters and are
known to be computationally inefficient for large scale applications. Recently, Cellular automata (CA) have been
successfully used for homogeneous traffic flow simulation. Cellular automata models have been widely used as discrete
models of physical systems. They offer some distinct advantages for practical simulation of traffic flow and the most
significant among them is computational efficiency [1]. In addition CA model are simple enough to allow analytical
treatment [2] and complex enough to simulate and recover most relevant aspect of traffic [3].

Many researchers have used a CA model for the simulation of traffic flow. They have developed a Boolean model
representing individual vehicles by 1-bit variables [4]. Nagel and Schreckenberg have developed a CA model, commonly
known as NaSch model, for freeway. Since the introduction of this model, many researchers ([5]; [6]; [7]; [8]; [9]) have
developed traffic flow models using CA by modifying or introducing new rules for better representation of certain
phenomena like congested flow, meta stability, hysteresis, and incidents. Many of these models include rules for multi-
lane and lane changing operations [10]. Most of the microscopic models developed so far are based on homogeneous
traffic flow [11]. Some researchers have made efforts to incorporate heterogeneity at aggregate level in the recent past
[12]. However, this approach has limited scope for micro-level details. Some researchers, on the other hand, tried to
describe mixed traffic by converting the vehicles into a standard vehicle by using passengercar equivalent (PCE) factor
[11] and then the homogeneous models are applied to derive traffic flow characteristics. The main drawback of this
approach is its difficulty to incorporate characteristics like vehicle size, acceleration, deceleration, speed, etc. Many
researchers have attempted to model heterogeneity using micro simulation, but these models need considerable
computational power as individual vehicles are modelled with their micro-characteristics ( [13]; [14]; and [15]). Most of
them are based on grid-based approach where the road stretch is divided into a grid of cells and a vehicle is assumed to
occupy multiple cells governed by its size. These models are not computational efficient as they are developed based on
the principle of car following theory. In this context, CA based model developed by [1] deserves much attention. This
model is a two-lane traffic flow model with two different type of vehicles, characterized by two different values of the
maximum allowable speed for each type of vehicle (v £, ). However, in this model cell size is taken as 0.9 x 0.9 meter,
in spite of taking two different vehicles having a different static and dynamic property.

2.Working principle of cellular automata

In cellular automata, space, time, and state variables are discrete which make them ideally suited for high-performance
computer simulations. However, CA modelling differs in severalrespects from continuum models, which are usually
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based on differential equations and often cannot be treated analytically. One has to solve the latter numerically and
therefore the equations have to be discretized. In general, only space and time variables become discrete whereas the
state variable (e.g. the density or velocity) is still continuous. CA is discrete in space and time variables and this
discreteness is already taken into account in the definition of the model and its dynamics. This helps in obtaining the
desired behavior in a much simpler way. The numerical solution of (discretized) differential equations is only accurate in
the limit Ax, At — 0. This is different in the CA where Ax and At are finite and accurate results can be obtained since the
rules (dynamics) are designed such that the discreteness is an important part of the model. A cellular automaton is a
discrete dynamical system. Each point in a regular spatial lattice, called a cell, can have any one of a finite number of
states. All cells in CA are identical and have discrete state. The states in the cells of the lattice are updated according to
local rules. That is, the state of the cell at a given time depends only on its own state one time step previously, and the
states of its nearby neighbors at the previous time step. All cells in the lattice are updated synchronously. The state of the
lattice advances in discrete time steps. The rule is some well-defined function, which if given an initial configuration will
always evolve the system in a certain way based on this configuration. CA which strictly comply with the definition
given above, are referred to as deterministic CA. However, it may be very convenient for some applications to have a
certain degree of randomness in the rule. It may be desirable, for instance, that a rule selects one outcome among the
several possible states, with a probability p. CA whose updating rule is thus driven by external probabilities are called
probabilistic CA. The updating of a given cell requires one to know only the state of the cells and its vicinity. The spatial
region in which a cell needs to search for this purpose is called the neighbour hood. For two-dimensional CA, two
neighbor hoods are often considered. The key idea of neighbour hood is that when updation occurs, the cells within the
block evolve only according to the state of that block and also depend on what is in the adjacent blocks. In practice when
simulating a given cellular automata rule, it is not possible to deal with an infinite lattice. The system must be finite and
have boundaries. A site belonging to the lattice boundary doesn't have the same neighborhood as other internal sites. In
order to define the behavior of these sites, a different evolution rule can be considered, which sees the appropriate
neighborhood.

2.1 Lane changing in CA models

Lane changing behaviour could be implemented easily in CA models and a number of models were developed in the
past. For instance, [16] have developed multi-lane traffic model considering heuristic rules of human behaviour.
However, on validation some of these rules resulted in unrealistic behaviour.[17] examined a two-lane model with
completely deterministic rules. These rules, however, gave a situation where several cars just oscillated between the links
instead of moving ahead. To overcome this drawback randomness was introduced by [18]. The above approach further
extended by introducing asymmetric models with different lane changing rules for different lanes and type of vehicle [1].
New CA rules were developed for multi-lane traffic and calibrated with the data from German highways [13]. They
introduced a two-lane CA model for homogeneous traffic flow where the vehicles move in opposite directions; passing
being allowed in one or both lanes [19]. They did extensive work to summarize different approaches to lane changing
and proposed a general scheme with realistic rules for lane changing [20]. Most of the above models were developed
based on homogeneous traffic conditions. Lane changing in heterogeneous traffic is more complex due to large number
of factors involved, for instance, size and dynamic characteristics of each type of vehicles like acceleration, deceleration,
and maximum speed. Hence, these models require some modifications while implementing in mixed traffic conditions.

3. Methodology

The objective of the present study is to develop a heterogeneous traffic flow model based on the principles of cellular
automata. While addressing heterogeneity, the essentials features of the CA like uniform cell size, simple speed and
position updating rules, and the computational efficiency of the homogeneous models are retained to a great extend.
Accordingly, the basic CA model developed by [21] has been modified to take into account the heterogeneity of traffic.
Here, the vehicles are differentiated by their dynamic characteristics like maximum speed, acceleration, deceleration, and
lane changing behaviour. The cell size is also reduced considering the presence of the smaller vehicle and acceleration
point of view. In addition, an effort has been made to develop lane changing rules for heterogeneous traffic conditions.
For this, the rules developed by [20] are modified to handle dynamic vehicular characteristics. The lane changing rule is
developed based on the psychological behaviour of the driver on the road. Main components of the models are input,
initialization, and application of CA rules, vehicle generation, and lane changing.

3.1 Input and initialization

The proposed model requires information like cell size, to represent common vehicle, types of vehicle, maximum speed,
acceleration and deceleration of each type of vehicle, initial lane density (cells occupied with vehicles), mean arrival rate
of each lane, classified volume of each lane, noise probability (p), and lane changing probability (pl) of each lane. In
addition, incident details like location and duration of any incident are required. Once the input is given, each lane of the
road is divided into equal-sized cells and each cell either hold a vehicle or remains empty. The vehicles are generated to
occupy the cells as per the given initial density and then the clock is set to zero. The vehicle type and the speeds are
generated randomly, guided by the vehicle composition and the speed distributions.
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3.2 Application of CA rules

The vehicle movement rules are similar to the single lane rules of the NaSch model. The cell size and time-steps are
crucial in CA model as they affect all dynamic properties of the vehicles. Traditionally, CA models have taken a cell size
of 7.5 meters because of uniform size of vehicles. However, in the present study, the cell size is reduced to 0.9 meters
considering heterogeneous nature of vehicles. It may be noted that this cell size is decided based on type of vehicle.lt is
decided in such a way that it represents the actual size of vehicles and the total width of the road as close as possible. The
physical representation of the vehicle should be kept slightly more than the actual size of vehicle to provide some
clearance. The cell length also depends upon the dynamic characteristics of the vehicular movement, as in the cellular
automata, distance-headway and speed is considered in terms of number of cells. If cell size is taken small, it can
represent the physical features of vehicles more accurately but at the same time it will reserve the considerable memory
for computation. The time-step should be closer to the reaction time and the flow characteristics should not differ much
during this time. Since these characteristics are similar to homogeneous traffic, the present study also uses a time-step of
one second similar to most of the CA models. If a vehicle moves with the speed of 42 cells/time-step (136 kmph) then
the minimum possible distance headway is 37.8 meters. Whereas in NaSch model if the vehicle moves with a speed of 5
cells/time-step (135 kmph) then the minimum possible distances headway is 37.5 meters. Therefore, a cell size of 0.9
meter gives considerably closer dynamics to that of NaSch model and at the same time it offers more speed options. In
the case of CA modelling, speed and position of the vehicles are updated by following certain rules. These rules are
applied to each vehicle at each time-step and for each lane. The notations are explained first. Let,X,, denotes the position
of n™ vehicle (follower) represented by the cell number it occupy. Similarly, X,, ., denotes the position of n+1" vehicle

(leader). Let, Let,V, denote the speed of the nth vehicle in cells/time-step and gap,{ represents gap between the nth
vehicle and the n+1" vehicle in front, expressed in number of cells. Here, the speed is taken as number of cells per time-

step since in CA the variables are discrete. Similarly, the front gap of a vehicle is expressed in number of cells. The gap,’f

is given by X, ., — X,.. This means that even when vehicles are present in adjacent cells, the gap (gap,{) is one. At each
time-step t — t + At, where At is selected as 1 second, the arrangement of all the vehicles in the cells is updated
simultaneously according to the following rules:

Rule 1 (Acceleration): If speed of the vehicle (V,) at any time-step is lower than VX, , then the driver's tendency is to
reach the maximum speed at every time-step as per the vehicle's acceleration(a, which is speed increase in number of
cells per time step). If the speed of the vehicle is vn, the maximum speed of this vehicle-type is VX, and the acceleration
is a;, then the acceleration rules is given as;

V, - minit¥, + a,At,V,X,.). This reflects the general tendency of the drivers to drive as fast as possible, if allowed to
do so, without crossing the maximum speed limit.

M_? *BCMg<_M_u0y.WYWn>.@CBCM[_BoSn6

Rule 2 (Deceleration): The vehicle reduces its speed if the front gap (spacing) is not sufficient to drive at current speed.
f
If the deceleration of the vehicle is d, then the deceleration rule is given asyj, — min(Vn,g‘Z" — dAt). (dyis speed

decreased in number of cells per time step)

Rule 3 (Randomization): As mentioned earlier, in CA models, stochastic driver behaviour is incorporated by
introducing noise probability p and is applied using the randomization rule given by: V, — maxi{¥, — 1,0) with
probability p. This step takes into account the different behavioural patterns of the individual drivers, especially non
deterministic acceleration and overreaction while slowing down; this is crucial important for the spontaneous formation
of traffic jams.

Rule 4 (Position updation): Application of the above rules will result in a new speed. By using this speed and the
position in the current time-step, the position at the next time-step is updated. The rule is given as: X,, - X,, + V, At.

3.3 Vehicle generation

After updating all vehicles in the system, new vehicles are to be generated in each lane. The vehicles are generated based
on Poisson's distribution with a given mean arrival rate; the vehicle type (k) being governed by a given classified volume;
and an initial speed is generated randomly between as per the observed distribution for the vehicle. Each vehicle
generated is kept into a stack and it enters into the systems as soon as the first cell is found empty. The number of
vehicles at each time-step in the stack indicates the queue at entry point. The individual delay at entry in queue is also
recorded. The vehicles that are not in the queue are directly entered into the system with generated speed; otherwise they
are entered with zero speed. The lane distribution (usage of lane and speed restriction, if any) and arrival pattern for each
lane are input for the vehicle generation.

3.4 Lane-changing criteria

Lane-changing criteria are proposed based on two-lane model developed by [20]. This rule is modified for heterogeneous
traffic by specifying probability of lane changing and considering the maximum speed for each vehicle type. The lane
changing rule for a vehicle consists of the fulfilment of the following five criteria:
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where, gap': is the front gap in the current lane, gap {front gap in the target lane, gap %is the back gap in the target
lane, v, is the maximum speed allowed on the current lane, v, is the maximum speed allowed in target lane, x ¢
indicate whether target cell n is empty or not, rand() is a function which generates a random number between 0 and 1,
and p, is the lane changing probability.

Criteria 1 ensures that when the front gap available in the current lane is less than the gap required to maintain the desired
speed, then the lane changing could take place. Criteria 2 ensure that the vehicle has sufficient front gap in the target lane
to move with desired speed. Criteria 1 and 2 are known as the trigger criteria or incentive criteria which imply that a
vehicle move with desired speed. The criteria 3 looks if target cell is empty or not.Criteria 4 ensure that the speed of the
following vehicle in the target lane is not affected. Criteria 3 and 4 are known as the safety criteria, which ensure that
lane changing is safe by avoiding collision with the following vehicle in the target lane. The criteria 5 take care of the
randomness in the behaviour of drivers in lane changing by introducing a lane changing probability (p;). If all the above
criteria are satisfied for a vehicle then that vehicle is eligible for lane changing.

4.Model calibration and validation

Calibration and validation are very important tasks in evaluating any traffic simulation model which ensures that the
model reflects real system. Calibration and validations ensures the ability of the model to reproduce the behaviour of real
traffic. Most of the CA models are not validated at the microscopic level because of the coarseness of the model [21].
Moreover, it is difficult to get speed and position of individual vehicle at every second from real-traffic [22]. Further,
these models are expected to capture the essential features of the traffic and not micro-behaviour [2]. The present model
is also calibrated and validated with the help of macroscopic data obtained from real traffic. Since the cell size is reduced
to 0.9 meters, vehicle-type specific maximum speeds are introduced, and modified lane changing rules are proposed. The
model is calibrated with the field data collected at macroscopic level by observing the average speed on the selected
urban mid-block.
Table 1.: Field observed data and MBTFM data

Vehicle Field data

tyPe  "Composition | Avg. | Max.speed
Classified Speed (km/hr)
volume (km/hr)

2W 69.46% 35.28 74.37
3w 12.31% 24.32 37.83
4W 17.63% 33.27 74.37
LCV 0.50% 28.29 60
HCV 0.10% 24.23 45
Vehicle MBTFM model
type
Composition | Avg. | Max.speed | RMSPE
Classified Speed c/ts
volume (km/hr) | (km/hr) for avg.
speed
2wW 68.09% 42.18 | 23(74.52) | 19.56%
3w 13.86% 22.03 | 14 (45.36) 9.42%
4w 14.96% 36.05 | 24 (77.76) 8.36%
LCV 2.08% 26.43 | 18 (58.32) 6.57%
HCV 1.01% 16.12 | 12(38.88) | 33.47%

The macroscopic validation is then carried out with the data collected on 7.2 m wide road for one hour. Total 4028
vehicles are generated during an hour of simulation. The observed headway distribution (cumulative probability) is used
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to generate vehicles. The maximum observed speed of each type of vehicles in urban mid-block is given in Table 1
respectively. These speeds were converted to the nearest cells per time step and are shown in Table 1. The results of the
simulation run show that the model is capable of generating the classified volume and maximum speed considerably
close to the real system, and the RMS percentage error (RMSPE) for the average speed difference for each type of
vehicles are shown in Table 1.The validation of MBTFM model is conducted at microscopic and macroscopic levels. In
microscopic validation, vehicles headway generated from the MBTFM model are compared to the field observed data. In
macroscopic validation, speed—flow-density relationships are compared.

4.1 Microscopic validation

In most of the CA models, validation at microscopic level is not carried out because of the coarseness of the CA model.
Comparison of observed and generated cumulative percentage of headway distribution is shown in Fig. 1. The Chi-
Square value for the headway observed and simulated is found as 5.22 which is lower than the critical value , hence the
model can generate vehicles as compared to observed at 95% confident level.

Cumulative headway distribution
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Fig. 1 Cumulative % plot for headway distribution of field data and MBTFM output

4.2 Fundamental relationship

To investigate the model validity, we also perform a macroscopic evaluation to identify the overall MBTFM model

performance. In macroscopic validation, the speed-flow-density relationship is investigated to evaluate how well the
MBTFM model performs.
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Fig. 2 Fundamental Relationship

From the Fig. 2 it can be clearly seen that the speed-density relationship is linear. Field data free flow speed is 45.58
kmph, whereas MBTFM model gives free flow speed for the stream is 47.04 kmph which is very close. MBTFM model
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gives jammed density value of 300 veh./km which matches with that field data of 299.43 veh./lkm. MBTFM gives
volume of 4028 veh./hr at density of 174 veh./km that is closer to field observed data. From theFig. 2, it can be seen that
the simulated speed-flow-density relationship derived from the MBTFM model well matches with the field data under
various trafficflow levels.These satisfactory simulated results further confirm that the MBTFM is able to reproduce the
realistic urban heterogeneous traffic with reasonably well accuracy at macroscopic level.

5. Conclusion

Two-lane heterogeneous traffic flow modelling using cellular automata is attempted in this study. A conventional CA
model is modified to handle heterogeneous traffic. While addressing heterogeneity, essentials features of the CA like
uniform cell size, simple rules, and the computational efficiency achieved in the homogeneous models are retained to a
great extend. The vehicular characteristics like acceleration, deceleration, maximum speed, and lane changing behaviour
are also incorporated in the modelling. Further, the cell size is reduced to 0.9 meters to take care of wide variations in
traffic. Lane changing rule is also improved by distinguishing each lane by its maximum speed and lane-changing
probability. The model is calibrated and validated with the data collected from heterogeneous traffic at macroscopic
level. It can be seen that the simulated speed-flow-density relationship derived from the MBTFM are well matched with
the field data under various traffic flow levels.Thus, this model is a valuable tool in understanding heterogeneous traffic
flow. These studies demonstrated the potential of CA models for large scale simulations making it suitable for real-time
applications. However, before any such deployments, considerable testing with heterogeneous traffic having diverse
vehicular composition and road condition is necessary.
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