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Abstract—The advent of connected, automated and au-
tonomous vehicles introduces the possibility for new traffic
control approaches. Vehicles equipped with automation and
communication systems can be exploited both as sensor and
actuators for traffic control actions, thus avoiding the need for
new infrastructure. In this paper a multi-class extension of the
macroscopic Cell Transmission Model is adopted to describe
the interaction between different classes of vehicles, for example
human-driven and connected/automated. The vehicle classes are
distinguished on the basis of their time headways and their
speed. By means of a Model Predictive Control approach, the
optimal free-flow speed for the class of connected/automated
vehicles is computed and applied to them with the aim of
reducing congestion on the highway. The effectiveness of the
proposed control law is analyzed depending on the penetration
rate of controlled vehicles and the approach is assessed in
simulations.

I. INTRODUCTION

Recent studies on the future of mobility have highlighted
that the automotive world is changing fast, thanks to the
newly available technology, and in few years the automotive
industry will look fundamentally changed. The future of
vehicles is expected to move towards four major trends:
shared/diverse mobility, electrification, connectivity and au-
tonomous driving [1]. The new mobility system promises
to increase customer convenience and safety and to reduce
pollutant emissions and congestion levels on highways. To
this aim, with the spread of connected, automated and
autonomous cars, new traffic control methodologies can be
envisaged.

Concerning vehicles automation, there are several interme-
diate stages that need to be traversed in order to arrive
at fully connected and automated mobility, but car con-
nectivity is already a fact. Connectivity allows for new
functionalities and features to be offered to drivers and
passengers, but also to the traffic management system, with
the aim of exploiting smart vehicles for traffic control
purposes, both as sensors and as actuators. A connected
car is able to exchange information in real time with its
surroundings. Several communication systems are currently
studied and implemented. Among all the existing VACS (Ve-
hicle Automation and Communication Systems) categories,
Vehicle-to-Environment (V2E) communication and, specifi-
cally, Vehicle-to-Vehicle (V2V) and Vehicle-to-Infrastructure
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(V2I) systems, can be efficiently used for traffic control [2].
These technologies enable data-enhanced driving functional-
ities, among which is automatic vehicle speed adjustment in
accordance with traffic flow and speed limits. Vehicles with
automated systems offer to the drivers several functionali-
ties aiming to make the driving experience more safe and
efficient. Some of the offered capabilities are autonomous
driving on highways, temporary platooning of multiple cars,
parking assistance etc. Autonomy allows the vehicle to
complete tasks even without the driver being alert, awake
or even present. The international standard reported in [3]
identifies six levels of automation, starting from level 0, with
no automation, to level 5, where a complete automation is
present and the human control is no longer necessary and, in
many cases, no longer possible. The first question that may
arise is what is the penetration rate of connected, automated
and autonomous vehicles we should expect in next future. To
answer this question, it is interesting to look at the analysis
of customer demand about connectivity and automation.
Approximately 175 million new connected cars are forecast
to be sold globally between 2016 and 2020 and the totality
of new cars are expected to be connected by 2025 [4].
Regarding autonomous vehicles, the analysis conducted in
[5] reports that fully autonomous vehicles are unlikely to be
commercially available before 2030. On the other hand, the
portion of vehicles equipped with advanced driver-assistance
systems (ADAS) is growing by 23% annually. According
to an aggressive scenario envisioned in [5], approximately
50% of passenger vehicles sold in 2030 are expected to be
highly autonomous, and another 15% are expected to be fully
autonomous. Considering the previous spread forecast, traffic
scenarios with high penetration rate of connected/automated
vehicles become realistic to be considered. The opportunities
introduced to the traffic control and management are sub-
stantial. Traffic conditions can now be gathered by means
of in-car sensors, in addition to traditional sensors and
infrastructure. Optimal speed, time and space headway, lane-
changing suggestion can be computed by a central Decision
Maker (DM) and communicated to connected cars drivers, or
directly actuated as in-driven commands to autonomous cars.
A great advantage of traffic control techniques that exploit
smart cars features is that no additional infrastructure such as
traffic lights and variable speed limit signs are needed, thus
leading to cost reduction. Additionally, since these controls
are directly communicated to vehicles, we can expect much
higher compliance rates than in case of human drivers. A
lot of work has been done in the direction of exploiting
Connected and Automated Vehicles (CAVs) for traffic control
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purposes. This studies are usually carried out by means of
microsimulations, see, among others, [6], [7], [8], [9] and
[10]. Some recent studies have macroscopically modeled
the presence of connected/automated vehicles as moving
bottlenecks in the traffic flow, see [11], [12], [13].

In this work, a multi-class extension of the Cell Transmission
Model (CTM) is used to model a mixed flow of normal
human-driven vehicles and automated vehicles. A similar
multi-class CTM for shared human and autonomous vehicle
roads was proposed in [14]. The model presented in this
paper is inspired by [15] and [16] where proportional pri-
ority is allocated to each class of vehicles. The free-flow
speed of the automated vehicles class is taken as control
variable to minimize the congestion along the highway. By
controlling the connected/automated vehicles, we are also
able to indirectly impose a desired speed on the human-
driven vehicles. The control problem is formulated in terms
of an optimization one and solved by means of a Model
Predictive Control (MPC) approach in order to deal with
model non-linearities and constraints.

Section II gives a brief account about the CTM and describes
its multi-class extension, section III formulates the control
problem and describes the MPC control approach adopted to
solve congestion. Section IV shows the simulations results
and reports an analysis of the effectiveness of the controller
depending on the penetration rate of CAVs.

II. MuLTI-cLASS CTM

The CTM [17] is a first order macroscopic traffic model
discrete in both time and space. We consider a road stretch
with no on- and off-ramps, divided into NV cells of length L
[km] and a time horizon divided in K time steps of duration
T [h]. The adopted aggregate variables are:

e pi(k), the traffic density of cell ¢ at time step k

[veh/km];
o ¢;(k), the traffic flow entering cell 4 from cell i — 1
during time interval [kT, (k + 1)T') [veh/h];
and the dynamic evolution of the traffic density is given by

pi(k+1) = pi(k) + % [pi(k) — pit1(k)] (D

The traffic flow leaving cell ¢ —1 is given by the minimum
of the so called demand from cell ¢ — 1, i.e. the amount of
vehicles that would exit from cell 1—1, and the supply of cell
1, 1.e. the amount of vehicles that cell 7 can accommodate.
Then these are given by

D;_1(k) = min {Uﬁie(k)m—l(k)vqiniaf‘} 3)

Si(k) = min {wi(pl*™ = pik)), g} @)

where p?®™ is the maximum density. The parameters of
each cell are the capacity ¢/"**, the free-flow speed vzf "¢ and
the congestion wave speed w;. We propose an extension to
the CTM model in order to consider the presence of different

classes of vehicles, ¢ € C, to model a flow of both CAVs and
human-driven vehicles. Classes are distinguished on the basis
of their headway, i.e. the time distance between traveling
vehicles, and their free-flow speed. In general, autonomous
vehicles allow shorter headway, since their reaction time is
shorter than that of human drivers. Let us start by considering
only two classes, a and b, where a represents the class of
CAVs and b the class of "background", i.e. human driven
vehicles. Classes have headway h,, h, respectively, while H
is a chosen default headway used to derive the parameters
of the cells, as the critical density and the jam density. We
denote by p?(k) and p?(k) the densities of class a and b in
cell 7 at the time k. The effective traffic density p is defined
by summing the densities of individual classes weighed by
their headway

pilk) = 32 2 peh) )

ceC
and we define the share of aggregate flow by

() = )
‘ pi(k)

The class-specific transition flows ¢° of each class ¢ € C'
are defined to be proportional to their share 7¢ and by
assuming that different classes have different free flow speed
v. we define the demand and supply function specific for
each class ¢

(6)

D;i_y(k) = 7{_1 (k) min {Uic—l(k)ﬁi—l(k)a g5 (7)

Se(k) = 7oy (k) min { (o1 = pi (k)i "} ®)

¢f (k) = min {Df_, (k), S5 (k) } 9)

Then we update the state p© of each class ¢ according to

, , T, .
Pk +1) = pi(k) + 7 [07(k) — ¢i1a (k)] (10)
The total transition flow is given by
di(k) =Y o5 (k) (11)

ceC

For each cell ¢ the penetration rate p of CAVs at time k
is defined as the ratio between the density of CAVs and the
total density

pi (k) + pi (k)
The sketch of the freeway divided in cells is reported in Fig.1
In this model the penetration rate is not an a priori imposed
parameter. By selecting the boundary conditions, i.e. the
inflow and the the outflow for each class, we broadly define
the penetration rate that dynamically varies depending on the
system evolution.
Since it has been observed that in the presence of a bottleneck

p(k) = (12)
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Fig. 1: Sketch of the subdivision in cells of the considered stretch
of highway.
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Fig. 2: Control scheme.

the discharge flow, i.e. the outflow from the bottleneck, is
lower than the capacity of the bottleneck with a reduction
around the 5-20 percent and the CTM is not able to capture
such a phenomena, a further extension has been considered
[18]. Among the several extension proposed in literature,
here we have chosen to use the one proposed in [19] in
which the capacity of each cell is computed as

(k) — per
q;nax(k) = min {Q‘, c; <1 — aW) } (13)
pizy (k) = Py

where c¢; is the free-flow capacity of cell i and the
parameter o describes the magnitude of the capacity drop
effect.

III. CONTROL

The control objective of this paper is to avoid, or at least
reduce, traffic congestion along the highways. Bottlenecks,
i.e. locations with particular characteristics, such as lane-
drop, merge areas or temporary events such as traffic acci-
dents, create jams. In this paper, we assume to control the
free-flow speed of CAVs, and by controlling them we aim
to uniform the traffic density and to reduce the congestion.
Fig. 2 depicts the adopted control scheme. The control
problem is solved by using a Model Predictive Control
approach. At each time step k, based on the current state
information, the controller makes a prediction of the system
evolution along the prediction time horizon Kp. A selected
cost function is minimized along the prediction horizon by
selecting the optimal control sequence. Only the first sample
of the optimal sequence is applied to the system and, at the
following time step, based on the new available information,
a new prediction is done, according to the receding horizon
principle. In this case, the state of the system is given by the
density of the two classes p(k) = [pa(k) pp(k)], while the
control variable is the vector of the class a free-flow speed
for each cell ¢ = 2, ..., N. The general formulation of the op-
timization problem over the finite horizon prediction horizon

of K, time steps is as follows. At each time step k, given
the current initial state p(k) = [p®(k) p®(k)], find the optimal
control sequence u(h) = [uz(h)..un(h)],h =k, ...k + K,
that minimizes the objective function J. w(h) is a matrix
having as entries the optimal class a free-flow speed for every
cell ¢« = 2,..., N. Finally, the cost function we consider is

given by

k+K, N kE+K,
T=T 3 S Lim(h) =B Y éi(h) (14
h=k i=1 h=k

subject to the model dynamics (5)-(13) and to

gmin S Q(k) S Qmaz

fork=1,...,K (15)

The first term of the cost function of Eq.(14) represents
the Total Travel Time, i.e. the total time spent by all the
vehicles along the stretch of highway during the simulated
prediction time horizon, while the second term represents the
discharge flow from the bottleneck cell i; to be maximized
and [ is its weighting parameter. The non-linear multi-
variable minimization problem is solved by means of the
interior-point algorithm implemented in the CasADI software
tool [20]. The performances of the controller are evaluated
by means of the classical congestion indeces [21], the Total
Travel Time

K N
TTT = TZZLiﬁi(k:)
k=0 i=1
A second index is the Total Travel Distance (TTD), i.e. the
total distance [veh km] covered by all the vehicles in the
considered time horizon.

K N
TTD =T Y Ligi(k)

k=0 i=1

(16)

a7

Where ¢;(k) is the total flow leaving cell ¢ at time step k.
The Mean Speed (MS) [km/h] of the vehicles traveling in the
considered system in the whole time horizon is computed as

TTD
MS = TTT

IV. SIMULATION RESULTS

(18)

The proposed control law is assessed in simulations. To
this aim, we consider a scenario with a section of highway
composed of N = 9 cells of length L; = 0.7 [km] for
i = 1,..., N. The behavior of each cell is described by a
triangular fundamental diagram. The stretch has three lanes,
the free-flow capacity of each cell is ¢ = 6000 [veh/h],
q™m** is given by Eq.(13), the critical density is p“" = 63.2
[veh/km] and the jam density p?®™ = 305.1 [veh/km]. The
free-flow speed of the human-driven vehicles class is v* = 95
[km/h] and the congestion wave speed is w = 24.8 [km/h].
The parameter o in Eq. (13) expressing the magnitude of
the capacity drop phenomenon is equal to 0.56. The time
headways have the same value of 1 second for both the
classes of vehicles. The overall inflow, i.e. the demand of
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Fig. 3: Demand of cell O for class a and b

cell 0 given by the sum of the demand of the two classes,
has a trapezoidal shape as depicted with the blue line in
Fig. 3. The total initial density, given by the sum of the
initial density of the two classes, is equal to 30 [veh/km].
A bottleneck is simulated at cell ¢ = 8, where the free-
flow capacity of the cell is reduced to cg = 5000 [veh/h]
from the beginning of the simulation and it lasts for the
60% of the simulation time, thus simulating the presence of a
temporary bottleneck. The free-flow capacity is then restored
to its value of 6000 [veh/km]. For the control, the prediction
horizon has been chosen K, = 14 for an overall prediction
time of five minutes. The controlled speed is allowed to vary
between v™" = 50[km/h] and v™?* = v/7¢¢ = 95 [km/h].
The control is applied starting from cell © = 2 while no
control action is applied to the first cell, v¢ = v/7*¢. Fig. 4
depicts the behavior of the traffic in the uncontrolled case.
In this scenario, the speed of the two classes of vehicles is
equal to v/ = 95[km/h] and the model behaves as the
classical CTM without classes distinction. At time k = 7,
the overall inflow reported in Fig.3 exceeds the value of the
capacity of the temporary bottleneck that becomes active and
a congestion forms. The congestion propagates upstream,
stretching for four cells, due in part to the capacity drop
phenomenon limiting the discharge flow from the bottleneck
location. With the choice of the parameter a = 0.56, the
maximum capacity drop corresponds to a reduction of the
16%. When the temporary bottleneck is resolved and the
capacity of cell ¢+ = 8 is restored to the value of 6000
[veh/h], the congestion starts to dissipate. According to (13),
the higher the density of cell ¢ = 7, the higher the reduction
of the discharge flow. The control will then aim to avoid the
congestion in order to guarantee the maximum discharge rate,
thus reducing the capacity drop phenomenon. Fig. 5 depicts
the trend of the density in the controlled case depending
on the penetration rate of CAVs. The penetration rate is
determined by the share of class a vehicles present in the
inflow but it is not constant along the stretch of road since
it varies on the basis of the model dynamics. Even with
a low penetration rate of ~ 0.1, as depicted in Fig. 5(a),
there is some mitigation of congestion and a consequent
reduction of the travel time. As expected, the higher the
penetration rate, the more effective the control action is.

Density

120

100

20

10 20 30 40 50 60 70 80 90
time step

Fig. 4: Density trend in the no-control case

Table I reports the evaluation of the performance indexes
introduced in Section III for each penetration rate. The
TTT appears to decrease more steeply with penetration rates
increasing from 0.1 to 0.3, from the value of 188.79 to 175.22
[veh h], then by further increasing its value, the decrease of
the TTT tapers off, thus indicating that over a certain value
of penetration rate there is some form of saturation in the
control action. The TTD increases as well from the value
of 14893 to 14901 [veh km] when p = 0.3. This causes
a consequent increasing of the mean speed. Let us now
study in details the scenario in which the penetration rate
is p = 0.3, i.e. the best compromise of lowest penetration
rate with good control effectiveness. The inflow for the two
class of vehicles is indicated by the orange and yellow line
of Fig. 3, while Fig.5(c) shows the trend of the density. The
MPC at each iteration computes the optimal velocity for each
cell. Fig. 6 reports the trend of the optimal free-flow speed
for the class a vehicles along the simulation time horizon.
The controller tends to properly decrease the speed of the
cells that are upstream the temporary bottleneck in order to
delay the formation of the traffic jam. The most aggressive
control action is applied to cell ¢ = 2, i.e. the farthest
from the bottleneck. The free-flow speed of cell ¢+ = 9, that
is located downstream the bottleneck, is kept constant by
the controller at the value of 95 [km/h] to guarantee the
maximum outflow. Once the temporary bottleneck is cleared
the speed is restored at the initial free-flow value of 95 [km/h]
for all the cells. Fig. 7 reports the dynamic evolution of
the penetration rate. At the beginning of the simulation the
penetration rate is constant along the stretch and equal to 0.3
since it is determined only by the inflow. When the control
slows down the free-flow speed of the connected/automated
vehicles class, they tend to accumulate in the first part of
the stretch during the simulation. The accumulation dissolves
when the bottleneck is cleared and the automated/connected
vehicles class can flow at the free-flow speed of 95 [km/h].
The density trends appears to be globally more uniform along
the stretch of highway, the congestion propagates for only
one cell upstream the bottleneck and really high value of the
density are present only in the cell immediately upstream the
bottleneck for a short span of time.
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Fig. 5: Comparison of the same scenario with different penetration rate
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Fig. 6: Free-flow speed for class a for each cell given by the
controller
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Fig. 7: Penetration rate of class a vehicles along then stretch of
highway

TABLE I: Comparison between cost functionals in the uncontrolled
case and in the control case with different penetration rate.

TTT TTD MS
No control ~ 188.7947 14893  78.88
p=0.1 183.2409 14895  81.29
p=0.2 176.8308 14900  84.26
p=0.3 1752191 14901  85.04
p=0.4 173.6013 14901  85.84
p=0.5 174.7722 14899  85.25
p=0.6 173.0361 14903  86.13

V. CONCLUSIONS

In this paper we have presented a simple way of consid-
ering a mixed flow of normal human-driven cars and auto-
mated/connected cars from a macroscopic modeling point of
view, thus avoiding the high computational burden deriving
from microscopic models. By controlling only the speed
of the connected/automated class vehicles are also able to
influence the human-driven vehicles and obtain benefits for
the overall traffic flow. The main purpose of this control has
been a density homogenization and a congestion reduction.
An analysis of the effectiveness of the control depending on
the penetration rate has been done taking into account the
expected forecast of connected/automated vehicles market
spread. The congestion appears to be globally reduced even
with low penetration rate of automated/connected vehicles.
The performance indexes of the congestion are all improved
by the application of the control action.
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