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1

Introduction

The vehicle movement on the designated trajectory is executed in such a way that the
autopilot or driver can even commit limited arbitrary errors in trajectory tracking during
driving. When generating the speed of each vehicle, account must be taken of the
particular traffic conditions, i.e., the composition and movement of vehicles in the
environment of the network section (Csiszár and Földes, 2018; Koryagin, 2018; Lakatos
and Mándoki, 2017), as well as the complex transport environment typical (Farooq et al.,
2018; Ghadi et al., 2018; Iordanopoulos et al., 2018) of the time of day and seasonality
determined by processes of the large-scale transport network (Péter et al., 2015, 2016).
The model-based method subject to this study is therefore a theoretical foundation that
takes into account and examines the drivers’ (Szabó et al., 2004, 2009) characteristics
during the movement along the trajectory as well as the relationship between the
microscopic vehicle environment and the macroscopic traffic environment (Busznyák
and Lakatos, 2017; Lakatos et al., 2016).

2

Traffic related application of the intelligent driver model (IDM)

Adaptive cruise control (ACC) is a vehicle system that allows the vehicle to adjust its
speed to the environment. The IDM is an ACC model that is widely used in
transportation research to model longitudinal movement. Treiber, Hennecke and Helbing
developed the IDM, which is being used by the car company BMW, in 2000 at the
transport laboratory of Dresden Technical University.
The IDM model is used for modelling continuous traffic flows in simulations of
highway and city traffic (Kovács et al., 2016). As a vehicle tracking model, IDM
describes the dynamics of the position and speed of each vehicle. In the case of multimodel open source traffic simulator (Treiber and Helbing, 2002) use IDM to simulate the
longitudinal movement of the vehicle and this simulator also introduces a lane change
strategy. Model-based single-lane traffic inhomogeneity is studied by Treiber et al.
(2004).
Treiber et al. (2006) study vehicle stability and IDM parameter sensitivity.
Kesting et al. (2008) propose to extend the driver parameters of the IDM model. They
study the impact of vehicles equipped with IDM on traffic flow and travel times as
bottlenecks. Jerath (2010) also uses the IDM model and examines the impact of ACC on
traffic flows. The results of the above work show that increasing the proportion of ACC
vehicles will result in increased traffic efficiency by reducing travel times. Treiber and
Kesting (2011) used IDM to study instability in congested traffic.
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The IDM has many advantages over other ACC models from calibration and intuitive
parameters point of view, and the also modelling requires simple simulation. However,
there are also disadvantages in respect of assuring the proper features of the vehicle and
the driver. The IDM is a collision-free model, therefore, in critical accident situations, the
desired minimum distance is no longer sufficient to guarantee driver safety and, in the
event of an emergency braking, it tends to overshoot the actual deceleration of the
vehicle.
Derbel et al. (2012, 2013) developed a proposal for a more accurate operation of the
IDM and studied possible modifications to IDM, taking into account the driver’s safety
and the real capabilities of the vehicle. As a result of this amendment, the driver has to
take into account the behaviour of the following vehicles, and thus a modified IDM has
been developed and tested with a microscopic simulator considering string stabilisation.
This modified IDM already highlights the proper vehicle capabilities.
In our present work we rely on the model joint-developed with French researchers to
overcome the disadvantages. Based on this, the IDM is already providing greater
performance in driver security by following real reactions in near-collision critical
situations. The paper shows the modification and the state-of-the-art operation of the
intelligent driver model in connection with the proper capabilities of the vehicle.
Modelling and research work encompasses a complex area and includes approaches of
both microscopic and macroscopic modelling (Derbel et al., 2017).
The complex macroscopic traffic environment is generated by the large-scale network
model, in which the microscopic traffic simulation model provides the individual vehicle
movement in traffic on the sections of the defined trajectories. However, this microscopic
model must properly reproduce dynamic traffic processes and must also be validated.
Accordingly, at this stage of our work we rely on the IDM research and development of
Treiber et al. (2000a, 2000b) and Derbel et al. (2017).
The features of the classical IDM are the following: a single system of differential
equations that analyses the case of n vehicles travelling on a single lane; the microscopic
model describes a chain model-like longitudinal dynamics; each driver looks only
forward and aims to keep an appropriate distance; there is no overtaking, the vehicles
keep their order and the first vehicle has a dominant role, as do the slow-moving vehicles
in the group.
The classical IDM is written with separate differential equations member by member.
In our study this is summarised in the following system of differential equations (1),
where the current position of the ith vehicle is described by function xi(t). The parameters
and functions used in the model are as follows:
ai is the maximal acceleration of the ith vehicle
vi is the desired speed of the ith vehicle
si is the required distance between the ith and the preceding vehicle (i = 1,2, ..., n).
A

−1


x(t ) + V

−1

f1 ( x (t )) + S f 2 ( x(t )) = 1

The notation used in differential equation system (1) is the following
A

−1

=

1 1
1
, ,...,
; V
a1 a2
an

−1

=

1 1
1
, ,..., 4 ; S = s1 , s2 ,..., sn
v14 v24
vn

(1)
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si = s0i = const., or si = si ( xi −1 , xi ) (i = 1,2,…,n).
1
⎡
⎤
⎢ ( x − x )2 ⎥
⎢ 0 1 ⎥
⎡ x14 ⎤
⎡1⎤
⎢
⎥
1
⎢ 4⎥
⎢1⎥
x
⎢
⎥
f1 ( x (t )) = ⎢ 2 ⎥ , f 2 ( x(t )) = ⎢ ( x1 − x2 ) 2 ⎥ , 1 = ⎢ ⎥
⎢ ... ⎥
⎢...⎥
⎢
⎥
...
⎢ 4⎥
⎢ ⎥
⎢
⎥
⎣1⎦
⎣⎢ xn ⎦⎥
1
⎢
⎥
⎢⎣ ( xn −1 − xn ) 2 ⎥⎦

The modified IDM applied in this work is represented by formula (2). Detailed
description of the above is provided by Derbel et al. (2012, 2013). This model, using a
function h(t) also takes into account the fact that drivers monitor the movement of the
following vehicles as well, Figure 1.
A
Figure 1

−1


x(t ) + V f1 ( x (t )) + S f 2 ( x(t )) = 1(t ) + h(t )

(2)

Setting of the relative distances at a stabilised speed state after a vehicle group
consisting of five elements is started (see online version for colours)

The notation used in differential equation system (2) is as follows:

A

−1

=

1 1
1
, ,...,
a1 a2
an

⎡1
⎢ v4
⎢ 1
⎢
⎢
⎢
; V =⎢
⎢
⎢
⎢−
⎢
⎢
⎢
⎣

h1
v24
1
v24

−

h2
v34
1
vi4

hi
vi4+1

−

−

⎤
⎥
⎥
⎥
⎥
⎥
⎥;
⎥
⎥
−⎥
⎥
1⎥
vn4 ⎥⎦
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⎡ s12
⎢
⎢
S=⎢
⎢
⎢−
⎢
⎣

h1 s22
s22
−

2
2 3
2
i

hs
s
−

hi si2+1
−

⎤
⎥
⎥
⎥
⎥
−⎥
sn2 ⎥⎦

⎡ h1 (t ) ⎤
⎢ h (t ) ⎥
a
h(t ) = ⎢ 2 ⎥ ; hi (t ) = hfi (t ) ⋅ i +1 ; (i = 1,2, …, n–1); hn (t ) = 0 .
⎢ ... ⎥
ai
⎢
⎥
⎣ hn (t ) ⎦
si = s0i = const., or si = si ( xi −1 , xi ) (i = 1,2,…,n).
1
⎡
⎤
⎢ ε 2 + ( x − x )2 ⎥
0
1
⎢ 1
⎥
⎡ x14 ⎤
⎡1(t ) ⎤
⎢
⎥
1
⎢ 4⎥
⎢1(t ) ⎥
x
⎢
⎥
f1 ( x (t )) = ⎢ 2 ⎥ , f 2 ( x(t )) = ⎢ ε 22 + ( x1 − x2 ) 2 ⎥ , 1(t ) = ⎢ ⎥
⎢ ... ⎥
⎢ ... ⎥
⎢
⎥
...
⎢ 4⎥
⎢ ⎥
⎢
⎥
⎣1(t ) ⎦
⎣⎢ xn ⎦⎥
1
⎢
⎥
⎢⎣ ε n2 + ( xn −1 − xn ) 2 ⎥⎦

3

Relationship between the IDM and the large-scale network

The speed of a given vehicle and the distance kept are determined by the driver. Their
decision, however, depends on their own perceptions, on signals that are transmitted by
the physical environment and received by the vehicle and on the local and general effects
of network traffic (Lakatos et al., 2016; Pokorádi, 2018).
Physical impacts resulting from road quality, meteorological and visibility conditions
at a given vehicle density determine a selectable speed range. The modified IDM
discussed in the previous section can be used to describe the dynamic traffic connections
originating from forward-moving vehicle-vehicle effects in a given section.
Figure 2

The n-element vehicle group and the environment determining their movement
(see online version for colours)
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At the same time, the dynamics of the movement of the IDM group is not arbitrary.
It is determined by control speeds formed in the large-scale network or network sections.
The vehicles slow down if a congestion occurs, and stop when the traffic light switches to
red, but after the reaction delay time, they will accelerate to the maximum permitted
speed if the road section ahead is free. This is indicated in Figure 2 by the control speed
function x0(t) defined by the large-scale macroscopic network processes for each
trajectory.

4

Application of the network traffic model

For this research we apply the reduced network traffic model (Péter and Bokor, 2011,
2010a, 2010b; Péter, 2012; Dömötörfi et al., 2016) which contains internal network
elements of n sections located in a domain characterised by state vector x. The model
incorporates m external sections that are directly related to an internal section or sections.
The state vector s of the latter is considered known by measurement. In this model, out of
the matrices that form the link hyper-matrix, only matrices K11 and K12 play a role,
because they represent each transfer that applies to the internal sections.
x = L

−1

[ K11 ( x, s ) x + K12 ( x, s ) s ]

(3)

where x ∈ ℜn, x ∈ ℜn , s ∈ ℜm, L = diag{l1, ..., ln}, li is the length of the internal sectors
in the main diagonal (∀li > 0, i = 1,2, …, n), K11 ∈ ℜnxn, K12 ∈ ℜnxm.
Taking into account the delays in practice, which largely originate from the time lags
that can be derived from the reaction time (perception, decision, action: 0.6 ... 0.7 s) and
the time from the actuation to its effect (0.15–0.3 s), results in a mathematical model
describing reality more precisely. In this case, we assume that internal automatisms S(x)
and E(x) are functions continuously differentiable with x, while traffic control light
functions ui,j(t) are continuously differentiable with t. This can be accomplished in the
model without special restrictions.
Similarly, the traffic light signal ui,j(t) can be made continuously differentiable in its
domain if the above method is applied within every εt-radius of each t0 breakpoint where
values change either from 1 to 0 or from 0 to 1. In this way we use a continuous dynamic
traffic model considering also the actual deceleration and reaction delay time
phenomenon in it. In case of S a deceleration phenomenon occurs, as drivers become
cautious when they realise that the section they want to drive over is already heavily
loaded. There is no delay effect in case of function E, however, since when a section
becomes empty (which takes place at the time the last vehicle leaves it in a given
interval) it determines a continuous vehicle density function in this section, thus there is
no contradiction to the above model paradigm applied to E. In the case of traffic lights,
the reaction delay phenomenon occurs in two ways.
On the one hand, the vehicles do not start immediately when the light changes to
green, and on the other hand, there could be irregular vehicle crossings at road
intersections when the light changes to yellow (or to red). These real-life phenomena can
be taken into consideration in the transfer processes with the application of a
continuously differentiable light signal.
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4.1 Validation of the model
In Budapest, the validation was performed on the Grand Boulevard, in the section
northwards from the Pest-side bridgehead of Petőfi Bridge to the Nyugati Square, at the
traffic light junctions on the basis of the actual traffic light program data provided to the
BME (Budapest University of Technology and Economics) by the Traffic Engineering
Directorate of FKF ZRt. (Metropolitan Public Domain Maintenance Ltd.) and the traffic
counts performed on-site. The test section was also surveyed at each simulation time with
vehicles equipped with a GPS device. The actual speed profiles were recorded during the
vehicle measurements. This Boulevard model is a typical line model where the typical
speed process is determined by the traffic light programs. We used the PannonTraffic
software for the validation. The simulation took into account the actual traffic light
programs, so it followed the timely formation of measured speed processes well. In the
validation, the best approximation of speed limits was achieved by the software by
adjusting the vehicle densities most appropriate to reality in each section of the
Boulevard. The applied speed-density law was the Greenshields (linear) function in all
cases. Comparison of the speed profiles obtained from the simulation and vehicle
measurements naturally showed that speed-time functions should be considered as single
realisations of a stochastic process and should be analysed accordingly with probability
theory and statistical analysis methods. The analysis was carried out in urban
environment as described above, in heavy traffic passing through and crossing several
traffic light junctions. A large number of non-parametric statistical probes for speed
profiles and engine performances were used for homogeneity testing. The subject of the
study was that if the sample set consisting of two independent probability variables (the
one measured by the GPS device and the other simulated by the traffic model) came from
a population of equal distributions, so in practice can the two samples be considered as
having the same distribution. In the analysis it was found that in both cases the two
samples could be considered homogeneous at 95%. The results of our study reassuringly
demonstrated that the model allows the extraction of custom speed processes and derived
engine performance processes that are true to reality (Peter et al., 2011).
In Győr the validated model included the Szent István Road (Highway no. 1) and its
surroundings, with one of the busiest traffic regions in the city centre. We validated the
model based on the cross-sectional traffic counts conducted by the City in 2012.
The main features of the network are 228 road sections, nine traffic light junctions
and 38 other junctions. The network domain had 18 input sections and 15 output sections.
The phase-plans of traffic lights were provided by the Győr Directorate of Hungarian
Public Road Non-profit Plc and the Municipality of Győr. In the model 63 cross-sectional
data were available for the validation. The simulation ran for a 24-h real-time period with
a computer run-time of 2 min and 14 s. The software can be restarted from any point in
time by taking into account the state parameters that are valid at that time as initial
values. During the validation the software reviewed the actual distributions and factors
influencing the transfers quarter-hourly to approximate the measured cross-sectional
traffic data as good as possible. During this progress correlation analysis was performed
hourly by taking into account the 63 measurement points. At the 63 examined crosssections the correlation coefficient of values between the measured and modelled hourly
cross-sectional traffic data was very close to 1, e.g., rxy = 0.993 was obtained for peak
hours between 7am and 8am, which in practice is 100% correlation (Péter and Fazekas,
2014).
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4.2 Analysis of speed processes
A model assumption is that the speed value vi ≥ 0 can also be assigned to the state
parameter ∀xi, (xi ∈ [0,1], i = 1, 2, …, n) using function fi which is continuously
differentiable with xi:

vi = fi ( xi (t ))

(4)

By getting the individual speed processes from the macroscopic network model and by
the application of a driver-vehicle model engine performance demands and emissions of
individual vehicles can be analysed as well (Csonka and Csiszár, 2016). Speed processes
are also suitable for model validation. In addition, this macroscopic model can be used to
integrate the control signal x0(t) and to produce speed processes generated by the
modified IDM along the designated trajectories.

4.3 Methods and instruments used in the measurement in Gyor
The advantage of the instruments with a GPS receiver is that it helps the connection to
the database system and the automatic processing of data in a manner consistent with the
additional tasks (Figures 3 and 4). Thus, not only the speed values but also the GPS
location and time coordinates are recorded during the measurement. (Data of at least
three working satellites is required for the measurements) (Szauter et al., 2014; Istenes
et al., 2017). The data files of the GPS measurements were stored according to the GPS
coordinates. The above method assigned the results of the speed measurements in the
domain to the corresponding road sections, so we obtained a unique speed function for all
the road sections involved in the measurement, Figures 5 and 6.
Figure 3

Vehicle measurement system equipped with GPS receiver (see online version
for colours)
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Figure 4

Routes travelled with GPS measurements in Győr (see online version for colours)

Figure 5

Speed values measured on route 004 as a function of distance (see online version
for colours)
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Speed values measured on route 004 as a function of time (see online version
for colours)

Trajectory tracking

The algorithm followed by the driver or the autopilot is modelled in a fixed Descartes
coordinate system as follows: The driver or the autopilot follows trajectory G. At starting
time t0 they are on trajectory G, so at that time P0 = G0. Henceforth, trajectory tracking
decisions are generated at times t0,t1,t2, ..., tn. At time ti they want to reach the selected
point Gi+1 on the trajectory from their position Pi with the chosen angle αi and speed Vi.
However, at time ti+1 Pi+1 is reached due to errors εα and εs made in choosing the angle
and the speed, respectively. This is how the geometric stability continues and the
trajectory G itself provides.

5.1 The geometric stability of the trajectory tracking
Taking into account simple equidistant intervals, the motion process can be written with
the following assignments, Figure 7.
Figure 7

The algorithm followed by the autopilot
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Let Pi denote the points affected by the driver or the autopilot. Gi+1 the targeted trajectory
points, ti+1 discrete times, tg(αi) direction tangents and si the distance between Pi and Gi+1.
Pi = [ xi , yi ] → Gi +1 = [ X (ti +1 ), Y (ti +1 )] ; ti +1 = (i + 1)Δt ; tg (α i ) = mi ; si = PG
i i +1 ;

(i = 0, 1, 2,…)
Taking into account the direction vector, the section lengths and speed are:
⎡
mi
1
0
,
r i = [1, mi ] , → r i = ⎢
⎢⎣ 1 + m 2i 1 + m 2i

⎤
⎥
⎥⎦

(5)

⎛
Y ((i + 1)Δt ) − yi ⎞
⎜ mi =
⎟
X ((i + 1)Δt ) − xi ⎠
⎝
si = ( X ((i + 1)Δt − xi ) 2 + (Y ((i + 1)Δt − yi ) 2

(6)

si ⎞
⎛
⎜ vi = Δt ⎟
⎝
⎠

Taking into account the above the discrete points of trajectory tracking can be easily
described with the following equation (7) recursive formula:
xi +1 = xi +
yi +1 = yi +

si
1 + mi 2
si ⋅ mi

(7)

1 + mi 2

The mechanism of error-free trajectory tracking is shown in Figure 8.
X(t) and y(t) in the case of error-free trajectory tracking

Figure 8

h denotes the driver or the autopilot and V denotes the vehicle.
In the event that trajectory tracking is subject to errors, the following algorithm
describes and Figure 9 illustrates the mechanism of the process:
real
si ⎯⎯
⎯
→ si + Errors = si ⋅ ε s

(v

i

real
⎯⎯
⎯
→ vi + Errorv = vi ⋅ ε s )

real
mi ⎯⎯
⎯
→ mi + Errorα = mi ⋅ ε α

0.7 ≤ ε s ≤ 1.3 0.7 ≤ ε α ≤ 1.3

(8)
(9)
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In case of small angles:

α ≅ tgα α ≅ m
Discrete points of trajectory tracking with error:
xi +1 := xi +
yi +1 := yi +

si ε s
1 + mi 2ε α2
mi ε α si ε s

(10)

1 + mi 2ε α2

where εs is the distance (or speed) estimation error, εα is the angle estimation error.
These are errors that are re-generated during every step in interval [ti, ti+1]. Their
distribution largely depends on driver skills and visibility.
Figure 9

X(t) and y(t) in case of trajectory tracking with error

The geometric stability of the trajectory tracking method is well underpinned
by the preliminary simulation tests, as illustrated in Figure 10(a) when the angle and
distance estimations are accurate, but stability is provided even if the direction
and distance estimation is subject to different rates (5–30%) of random errors,
see Figure 10(a)–(d).
Further studying the trajectory tracking at discrete points, we move towards
the continuous time tracking. In this case, starting from an initial value that is not
necessarily a trajectory point, continuous error functions εα = εα (t) and εs = εs (t) are
taken into account in the construction of the differential equations describing trajectory
tracking.

5.2 The differential equation system for trajectory tracking
When applying formula (10), in order to move to a continuous case, we use the following
relations and notation:
xi +1 := xi +
yi +1 := yi +

si ε s
1 + mi 2ε α2
mi ε α si ε s
1 + mi 2ε α2

In order to move to a continuous case, we use the following relations and notation:
Δt → 0
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Δx = xi +1 − xi ; Δy = yi +1 − yi ; si = Δs = Δx 2 + Δy 2 ; mi =

Δx =

Δy
Δx

Δx 2 + Δy 2 ⋅ε s
2

⎛ Δy ⎞
1 + ⎜ ⎟ ε α2
⎝ Δx ⎠

Δy
Δx 2 + Δy 2 ⋅ε α ⋅ ε s
Δ
x
Δy =
2
⎛ Δy ⎞
1 + ⎜ ⎟ ε α2
⎝ Δx ⎠

(11)

At equation (11) we use the difference quotient in discreet time
2

Δx
=
Δt

2

⎛ ⎛ Δx ⎞ ⎞ ⎛ Δy ⎞
⎜ ⎜ Δt ⎟ ⎟ + ⎜ Δt ⎟ ⋅ε s
⎝⎝ ⎠⎠ ⎝ ⎠
2

⎛ ⎛ Δy ⎞ ⎞
⎜ ⎜ Δt ⎟ ⎟
1 + ⎜ ⎝ ⎠ ⎟ ε α2
⎜ ⎛ Δx ⎞ ⎟
⎜⎜ ⎟⎟
⎝ ⎝ Δt ⎠ ⎠

⎛ ⎛ Δy ⎞ ⎞
2
⎜ ⎜ Δt ⎟ ⎟ ⎛ Δx ⎞ 2
Δy
⎜ ⎝ ⎠ ⎟ ⎜ ⎛⎜ ⎞⎟ ⎟ + ⎛⎜ ⎞⎟ ⋅ε α ε s
⎜ ⎛ Δx ⎞ ⎟ ⎝ ⎝ Δt ⎠ ⎠ ⎝ Δt ⎠
⎜ ⎟
Δy ⎝⎜ ⎝ Δt ⎠ ⎠⎟
=
2
Δt
⎛ ⎛ Δy ⎞ ⎞
⎜ ⎜ Δt ⎟ ⎟
1 + ⎜ ⎝ ⎠ ⎟ ε α2
⎜ ⎛ Δx ⎞ ⎟
⎜ ⎜ Δt ⎟ ⎟
⎝⎝ ⎠⎠

(12)

By generating boundary transition and assuming that time derivatives of track trajectories
exist:
0
→ ∃x (t ), y (t )
If lim Δt ⎯⎯

Formulas (13) and (14) are the following:
x (t ) =
y (t ) =

xG xG 2 + yG 2 ⋅ε s
xG 2 + y G 2ε α2
yG xG 2 + yG 2 ⋅ε α ε s
xG 2 + yG 2ε α2

(13)

Integrated application of network traffic and intelligent driver models

241

Since equation (13) can be converted to the following equation (14) form as well
y (t ) yG
=
εα
x (t ) xG
x 2 + y 2 = xG 2 + yG 2 ε s

(14)

If, for any arbitrary initial value and with zero error (εs:=1 εα:=1), we apply the result
obtained, the trajectory curve provides an orthogonal and directional mapping, i.e., the
trajectory mapping performs a congruent transformation, in Figure 11 a mapping of two
adjacent circular routes can be seen for an arbitrary initial value: [{A∪ B }→ {A*∪B*}].
Figure 10 (a) During a 12 s period a bend is correctly tracked by the error-free algorithm at
discrete times; (b) during a 12 s period a bend is well tracked by the algorithm with an
error of 5% at discrete times; (c) during a 12 s period the algorithm is stable with
extreme errors of 20% and (d) during a 12 s period the algorithm is stable with extreme
errors of 30% (see online version for colours)
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Figure 11 A mapping of two adjacent circular routes can be seen for an arbitrary initial value
(see online version for colours)

A*

B
B**
A

B
B

6

Conclusions

Based on the system of differential equations derived from the continuous trajectory
tracking it can be established that the physical considerations used for trajectory tracking
can be utilised well during laboratory tests. In that case a suitable GPS-based set of points
must be provided at the selected trajectory points to describe the geometry. The point to
be tracked runs on this trajectory, taken into account the macroscopic environment
influenced by complex traffic conditions and the microscopic environment according to
the joint dynamics of vehicles, during the simulation.
This process provides the steering angle in the given conditions, which can be
calculated from the simulation angle, the vehicle and steering geometry. In parallel with
this, the speed of movement on the trajectory is directly provided by the simulator in a
manner that is adequate for the real disordered traffic conditions. Further measurements
and validations will of course be required in both urban traffic conditions and on the
Zalaegerszeg test track (Szalay, 2016; Asaithambi et al., 2017; Pagliara et al., 2017;
Szalay et al., 2017, 2018; Török et al., 2017; Mihály et al., 2018; Takács et al., 2018).
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