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Abstract

Modeling is a safe and efficient approach to solving real vehicle traffic problems.
It cooperates with/without simulation to provide feasible methods of analysis,
observation, and verification. Modeling can give significant insight into complex
systems. Modeling Intelligent Transportation Systems (ITSs) represents a crucial
challenge in planning and controlling vehicle traffic congestion. Predicting the
vehicle’s flow states on roads is the most important challenge in transportation
systems. Numerous car-following models have been proposed and developed to
illustrate the behavior of moving vehicles. These models are based on real driving
assumptions, taking into account velocity and acceleration parameters for each
vehicle. The application of car-following models represents an important research
direction in enhancing ITSs. In this paper, a car-following model is implemented
using a specific vehicle traffic dataset (highD) to predict the vehicle’s next
velocities after a succeeding period of time based on regression fundamentals. The
vehicle’s Velocities are based on the driver’s behavior. The driver can accelerate,
decelerate, or maintain the same speed during any time period of the vehicle
journey. Certain threshold values are created by analyzing the recorded real
dataset to be used in predicting the next acceleration value for each vehicle at each
time period. A regression curve is proposed for each vehicle. From the proposed
curves, equations are created to represent the vehicle’s velocity. These created
equations can be used to predict the vehicle velocity at any given time
mathematically.

Keywords: Traffic flow, mobility, car-following models, safety distance model,
threshold, regression, simulation, VANET, vehicular communications, Driver
behavior
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Introduction

Vehicular ad-hoc Networks (VANET) are
distinguished by their constantly evolving
topology, which results from the high speeds of
vehicles. The behavior of drivers and surrounding
vehicles influences the form of road mobility. The
movement patterns of vehicles and their
corresponding traffic flow have a significant
impact on wireless vehicular communications. [1].
The mobility of the vehicles was modeled to suit
the VANET environment simulation based on
mathematics, science, and engineering concepts.
Researchers defined realistic road conditions for
VANET by incorporating traffic constraints
(speed, road structure, and vehicle density) with
vehicular  characteristics and  other  road
constraints. Most of the related works considered
vehicle mobility as a significant factor in studying,
analyzing, and evaluating the performance of the
VANET [2] [3]. The vehicle’s arrival rates are
considered and can be modeled based on certain
probability distribution functions. Most of the
previous studies considered the effect of the
adjacent vehicles on the traffic pattern of the
moving vehicle [4]. The mobility model defined
the vehicle’s motion during a VANET simulation
in a given area. Different mobility models were
developed to represent the real behavior of the
vehicles on the road [5].

The car-following model was developed to
characterize the driving behavior of the following
vehicle concerning the leading vehicle in a single
lane with overtaking restrictions. It was widely
employed in the fields of microscopic traffic

simulation, smart driving, traffic safety, and so on

[6].

Most of the car-following studies have focused on
defining the velocities, acceleration/deceleration
values, and their ranges by utilizing different
probability distributions [7].

Transportation Engineering focused on estimating
the congestion level of roads and their economic
and social costs. Different methods were
developed to estimate the congestion based on the
delay and the required travel time. Changing road
conditions are significantly affecting the vehicle’s
density [8].

Researchers have presented different models for
road traffic to analyze vehicle behavior and road
conditions. The macroscopic and microscopic
models have been considered in different related
studies to achieve realistic conditions for moving
vehicles on roads. Traffic engineers were focused

on density and speed [9].

Related Works

Due to the increase in moving vehicles on roads,
researchers suggested different models for road
traffic to analyze vehicle behavior and road
conditions. The two known models; macroscopic
and microscopic models have been considered in
different studies to achieve realistic conditions to
deal with moving vehicles on roads. The focus of
traffic engineers is on density, speed, and drivers’
behavior [10].

Researchers in [11] developed a car following
model. They integrated the heterogeneity of the
driver's responsiveness using a proposed function
of the optimal velocity with the prior car-following
model. They used a linear analysis method to
determine the revised model's stability criterion.
Their suggested model was numerically simulated,

and its result indicated a significant influence on
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enhancing traffic stability and lowering traffic
congestion.

A proposed traffic flow model based on the full
velocity difference model was developed by [12].
The authors tried to examine the backward-looking
effect (forward-backward velocity difference)
model. They adopted a modified backward optimal
velocity and generalized backward maximum
speed.

Authors in [13] proposed a method to validate the
Safety distance model. Their calibration approach
begins with validating the steady-state car-
following model with data from macroscopic loop
detectors. They calibrated the vehicle acceleration
component using car specification data acquired
from automobile manufacturers. The light-duty and
heavy-duty vehicle field data were utilized to

validate their calibration processes.

Car-Following Models

Car-following models have been widely used in
traffic flow simulations to predict the behavior of
individual vehicles on the road. One of the earliest
car-following models was the safety distance

model, which was proposed by Gazis et al. in 1961

[6].

VIC(E L AL) =  vu(D) +2.5.a,.At [1-

Where the acceleration of the vehicle is v (t +
At), At isthe reaction time, v, (t) is the speeds of
vehicles n at time t, desired speed is the desired
speed that the following vehicle wants to reach,and

a, is the maximum acceleration for a vehicle n.

Improved Safety Distance Model

The safety distance model assumes that vehicles
maintain a safe distance from the vehicle in front
of them, which is proportional to their speed. The
model defines the safe distance as the sum of the
perception-reaction time and the stopping distance
of the vehicle. The perception-reaction time is the
time taken by the driver to perceive and react to a
change in the front vehicle's behavior, while the
stopping distance is the distance required to stop
the vehicle at a given speed [11]. The micro-
simulation tool defines the maximum, minimum,
and desirable acceleration/deceleration values,
maximum, desired speed values, and other vehicle
parameters for any car-following model using a
variety of statistical distributions and functions
[12].

The safety distance model represents one of the
earliest car-following models proposed and widely
used in traffic flow simulations. While it has been
extended and modified over the years, it has some
limitations, and newer car-following models have
been developed to overcome these limitations. The
acceleration sub-model is corresponding to the

empirical formulations shown by equation (1) [12].

v, () ] JO 025 4 — n® )

desired speed

desired speed

The traditional safety distance car-following model
is shown in Equation (1). In this model the value of
the velocity and acceleration for the vehicle (n) at
the time (t) is used to predict its next velocity at the
time ( t + At). Usually, the value of the velocity
will be adapted to the acceleration value. An
increase in acceleration will result in an increase in
velocity, while a decrease in acceleration

(deceleration) will result in a decrease in velocity.
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The fixed value of acceleration will result in a fixed
velocity.

A modification of equation (1) is proposed in this
research paper. A new variable (z) is proposed to
control the sign of the acceleration factor value in
equation (1). The value of z will be (1, -1, or 0).
When the relative acceleration (difference between
the current acceleration value and the previous
acceleration value) is positive, then the value of
z = 1. This case will result in an increase in the

vehicle’s velocity due to its acceleration. When the

VEC(E+ AL) = vu(t) + 2.5. z.a,. At [1

Where the acceleration of the vehicle is v2<¢(t +
At), At isthe reaction time, v, (t) is the speeds of
vehicles n at time t, desired speed is the desired
speed that the following vehicle wants to reach,
and a,, is the maximum acceleration vehicle n.

This modified equation can be used in developing
the simulation experiments to predict the next

future velocity for each vehicle at each time.

Data Analysis

In order to implement and evaluate the modified
model as a car-following model, a highD dataset is
utilized. It was downloaded from “HighD Dataset
(highd-dataset.com)“. The highD dataset is a
brand-new  collection of realistic vehicle
trajectories captured on German roads. It recorded
110500 vehicles, with a totally driven distance of
44500 kilometers, and 147 driven hours at six
distinct sites traffics. Although the dataset was
intended for the safety validation of highly
automated cars, it may also be used for other
purposes such as traffic pattern analysis and driver
model modeling.

The dataset features are considered and arranged

carefully. The first step is to isolate the velocities

desired speed

relative acceleration (difference between the
current acceleration value and the previous
acceleration value) is negative, then the value of
z = —1. This case will result in a decrease in the
vehicle’s velocity due to its deceleration. When the
relative acceleration (difference between the
current acceleration value and the previous
acceleration value) is zero, then the value of z = 0.
This case will result in keeping the vehicle at its
previous velocity. The proposed improved equation
can be rewritten in equation (2).

Va(®) ] Jo 025 + —2® 2)

desired speed

and the acceleration values for the moving vehicles
in each direction. One direction road is called the
east, and the opposing direction is called the west
direction road in this study analysis.

1- Velocity and Acceleration Statistics

Each vehicle in the file (car or truck type) has
different velocities and acceleration values in
different recording frames. The positive velocity
values are assigned to the moving vehicles on the
east-direction road and the vehicles with negative
velocities are assigned to the moving vehicles on
the west-direction road.

The vehicle’s velocities are recorded directly from
the dataset records (they were observed
practically). Each vehicle has one velocity and
acceleration value in each frame. The dataset
records the acceleration and the velocity for each
vehicle at a different number of frames. The mean
velocity, mean acceleration, and standard
deviations for each wvehicle are computed.
Equations (3 and 4) are utilized in computing these

means.

Z?: i
avg,, === 3)

n
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Y acc;
avgacc, = IT (4)

Where v;, is the recorded vehicle’s velocity in
frame i, n is the number of frames, avg,, is the
average velocity for the vehicle k, avgg,,, is the
average acceleration for vehicle k and acc; is the
acceleration of a vehicle in a frame i.

2- Threshold Estimation

For each road (east and west), vehicles’ average
acceleration values are sorted, analyzed, and
arranged as an accelerated case (positive values), a
decelerated case (negative values), and neither an
acceleration nor a deceleration case (zero values).
These three cases are observed and counted. Table
(1) shows the total collected results for both roads.

Table (1): vehicles acceleration and deceleration cases

Number-of-Positive Values @ 313 277

Number-of-Negative Values | 113 | 215

Number-of-Zero Values

total

Table (1) is used to estimate certain fractions.
These fractions are applied as certain probability
values. The estimated probability values are
proposed as threshold values to be used for

28 103

454 | 595

predicting the next time acceleration for each
vehicle in implementing a simulation experiment.

Table (2) shows these proposed threshold values.

Table (2): Proposed Threshold values.

Probability of increased acceleration 0.69 0.47

Probability of decreased acceleration 0.25 0.36

Probability of fixed acceleration

Table (2) shows that the drivers' increased
acceleration in both directions is high compared
with the deceleration behavior. Driving at a fixed
velocity without changing the acceleration is about
10%.

To proceed with the dataset information, a
prediction model is developed and implemented
based on the fundamentals of the Markov model.

0.06 0.17

This developed model is based on creating
sequenced acceleration values after each short time
period by utilizing equation 2 to create the new
velocities. Numerical results are estimated and
recorded to show the implementation process
based on the modified equation. A simple
modeling and simulation process in implemented

to estimate the next four velocity values.
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A simulation scenario is implemented by
generating a random number for each step of the
prediction to test the next behavior based on the
comparison between the generated random number
and the created threshold values. Certain limits are
created to generate specific categories for each case
based on the generated threshold values. These
categories are 0 - 0.69, 0.691- 0.75, and 0.751- 1.0
for the East road direction and 0- 0.47, 0.471- 0.64,
and 0.641- 1.0 for the West road direction.

For the east road, if the generated random number
falls in the range of (0 - 0.69), the vehicle will tend
to accelerate, so the value of the variable z in
equation 2 will be 1. If the value of the generated
random number falls between 0.691- 0.75, then the
acceleration will not change, so the value of the
variable z will be 0. If the value of the random
number is between (0.751 — 1), then the vehicle
will decelerate and the value of z will be -1.

For the west road, if the generated random number

falls in the range of (0 - 0.47), the vehicle will tend

to accelerate, so the value of the variable z will be
1. If the value of the random number falls between
0.471- 0.64, then the acceleration will not change,
so the value of the variable z will be 0. If the value
of the random number is between (0.641- 1), then
the vehicle will decelerate and the value of z will
be -1.

Four steps prediction values are performed to
estimate the vehicle’s velocity in each time period.
Equation 2 is implemented to estimate the next
time velocity of a vehicle based on its current
velocity. Threshold categories and random
numbers are utilized in these calculations. Tables
(3 and 4) present the simulation experiments to
estimate the vehicle’s velocities on the west and
east roads after certain time periods. These two
tables present the next estimated velocities for the
vehicles on the west and east roads. These

velocities are estimated after a certain time At = 5Ss,

2 At=10s, 3 At=15s, and 4 At =20s.

Table (3): west street velocity prediction

31.9861538 31.8371043 31.98615 32.17673884 32.2714952
42.7624223 42.6889942 42.75546 42.7554629 « 42.762428
43.3986813 43.3309864 43.45947 43.2765993  43.399177
31.3115228 | 31.1527279 31.33054 | 31.3115361 | 31.273475
36.4210762 36.2959959 36.43740 36.4219184  36.437446
38.8742857 | 38.767969 | 39.13248 38.8792625 | 38.879262
37.9635424 37.8458719 37.99361 37.9636040  37.903342
444743722 444168725 44.50938 44.4743722  44.439559
30.7895195 30.6277159 30.70130 30.7897921  30.701302
24.500645 | 24.309689  24.51428 24.500649 24.527917

Table (4): east street velocity prediction
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41.071212 41.183260 41.183260 41.294093 41.184466
36.130828 36.192279 36.192279 36.192279 36.192494
23.328 23.339934 23.339934 23.351866 23.363796
33.800923  33.941294 33.941294 34.080757 34.211218
22.780818 22.699539 22.780818 22.699539 22.536696
24.786340 24.925656 24.647023 25.064600 25.064600
35.568621 35.450125 35.687118 35.330872 35.450883
42137926 42.265748 42.264833 42.139747 42.139747
35.519103 35.488285 35.549921 35.457416 35.488336
36.538581 36.572809 36.504353 36.606967 36.572878

Tables 3 and 4 show four-step prediction periods
for each wvehicle. These results reflect the
randomness and independent case for each value,
which is very close to the real road velocity. Each
predicted velocity value may increase or decrease

compared with its previous value.

Models Results Evaluation

To perform certain evaluation processes, a
goodness-of-fit approach is applied to show the
validity of the results in Tables (3 and 4). The Chi-
square test as a goodness of fit tool is applied to

check if there is any difference between the

observed velocity values (measured by the dataset)
and the expected velocity value calculated by the
developed prediction approach. The formula for
chi-square can be written as [14]:

(Ov,-—Ev,-)Z

x? = ZT Q)

Where Ov;, and Ewv;represent the observed
velocity and  expected velocity  values,
respectively. Tables (5 and 6) present the Chi-
Square values for tables (3 and 4) respectively.
These values are compared with the tabular

accepted values for the Chi-Square value.

Table (5): chi-square for West Street

0.2586 0.4307

0.5447 0.79

Table (6): chi-square for West Street

0.18 0.1735

0.4041 0.6348

From Tables (5 and 6), the calculated values for
the Chi-square values are accepted and the results
are trusted compared with the standard tabular

values.

Regression

Regression is a statistical method used to analyze
the relationship between a dependent variable and
one or more independent variables. The goal of
regression analysis is to identify the strength and
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direction of the relationship between the variables,
as well as to predict the value of the dependent
variable based on the values of the independent
variables. [15]. To make use of the developed
results with the improved safety distance mobility
model, this paper uses regression models as a tool
to perform a long-time prediction to predict the
vehicle velocity in the next given time based on
the available initial velocity at the starting point.

Y

32.

32.3

The velocity results in Tables (3 and 4) are used in
developing a regression curve for each vehicle.
The regression curve for each vehicle is fitted, and
its parameters are estimated based on the
calculated values. Figures 1, 2, 3, and 4 show
samples of these proposed regression curves for

certain vehicles.

V(t) = -0.0328(t)>+ 0.3332(t)2-0.9105(t) + 32.595

32.2

32.1

Velocity
o

31.9

31.8

31.7

31.6

Time

Figure (1): State the Regression curve for vehicle (1) from the west direction street

24.6

24.55

24.5

24.45

N
Y
.|\

24.35

Velocity

24.3

V(t) = -0.0296(1t)3+ 0.2816(1)2 -0.7664(t) + 25.003

24.25

24.2

24.15

3 4 5

Time

Figure (2): State the Regression curve for vehicle (10) from the west direction street
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41.35
41.3
41.25
41.2
41.15

41.1

velocity

41.05

v(t) = -0.0231(t)*+ 0.2621(t)3-1.0871(t)2+ 1.8433t+ 40.07

40.95

40.92

3 £ 5

Time

Figure (3): State the Regression curve for vehicle (1) from the east direction street

Velocity
W
[w]
%]
%]

36.4

1 2

.45
v(t)= -0.0242(t)*+0.2879(t)3- 1.1732(t)2+ 1.9017(t) + 35.546

3 4 5
Time

Figure (4): State the Regression curve for vehicle (10) from the east direction street

From the proposed regression models, a developed
equation can be created for each vehicle. A vehicle
velocity can be estimated from its created equation
at each time (t) directly. Such an approach will
help in predicting the vehicle’s velocities in a
simple mathematical manner without requiring

detailed analysis.

Conclusion

Car-following models represent a considerable
investigation field to analyze and evaluate the
roads traffic. Observing and controlling the traffic
flow on roads can be predicted, assisted, and
analyzed by applying current or developed car-
following models. In this paper, the car-following
behavior was examined and analyzed with
consideration of certain driver behaviors in a real
dataset (HighD). A modification is added to the

original model to create a valid car-following

model. A dataset is used in implementing the
developed model. Predicting the wvehicle’s
behavior (accelerate, decelerate, or not) at each
time is performed based on the added modification
variable. Such a prediction model is proposed and
implemented to predict the next time velocity and
acceleration for the moving vehicles. Using such
models will help in avoiding or controlling traffic
congestion and reduce road accidents. A regression
model is implemented as another tool in this paper.
A regression curve can be fitted for each vehicle’s
velocities at different times. From the regression
curve, a proposed equation is created to represent
the vehicle’s velocities at each time. The created
equation is used simply to find the vehicle’s

velocity at each time (t).
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