International Journal of Intelligent Transportation Systems Research (2022) 20:379-397
https://doi.org/10.1007/s13177-021-00279-w

=

Check for
updates

Modeling Analysis of Automated and Connected Cars in Signalized
Intersections

Luca Studer'® . Marco Ponti' - Serio Agriesti?® - Marco Sala® - Paolo Gandini' - Giovanna Marchionni’ -

Elena Gugiatti'

Received: 17 October 2019 / Revised: 13 July 2021 / Accepted: 29 September 2021 / Published online: 22 March 2022
© The Author(s) 2022

Abstract

It is acknowledged that many of the problems related to urban congestion can be solved through the diffusion of automated
vehicles capable not only of replacing drivers, but also of receiving information from the infrastructure. In this article, the
effects of driverless cars (level 3—4 of automation) and of the Green Light Optimal Speed Advisory (GLOSA) system, a
particular kind of Cooperative — Intelligent Transport System (C-ITS), will be evaluated at an urban signalized intersection
through a set of micro-simulations. The aim of the paper is to analyze the two system as stand-alone before evaluating their
jointed implementation, so to obtain their impacts and to analyze if and how they synergize for different levels of market
penetration. The results of these simulations demonstrate that automated and connected cars should bring global benefits
at intersections and also result in a first set of recommendations and best practices for the implementation of the systems
in the short-medium term. Particular focus is given to the interaction between the equipped vehicles and traditional traffic,
to frame the negative effects on the overall crossing both in Traffic Efficiency and Environment. Finally, the evaluation of a
real crossing in Milan is performed and the results of the overall node are provided for different scenarios and time horizon.

Keywords Automated driving - C-ITS - GLOSA - Time to Green - Signalized intersections - Traffic simulation

1 Introduction

Automated vehicles (AV) and Cooperative — Intelligent
Transport Systems (C-ITS) are able both to entrust the driv-
ing task to the vehicle itself and to broadcast and receive
information in real time, as pointed out by Qu et al. [1].
The vehicles can exchange information with both the infra-
structure and other vehicles: these types of communication
are usually referred to as Vehicle To Infrastructure (V2I)
and Vehicle To Vehicle (V2V). These systems are the core
of future mobility, but their actual impact on overall traf-
fic flow, especially in the short term, has yet to be fully
assessed. The main problems seem to arise in the period of

< Luca Studer

! Mobility and Transport Laboratory, Dept. Design,

Politecnico Di Milano, Milan, Italy

Department of Built Environment, Aalto University, Espoo,
Finland

Politecnico Di Milano, Piazza Leonardo da Vinci 32,
20133 Milan, Italy

coexistence between traditional and connected/automated
vehicles. According to the most acknowledged forecasts,
in the next 40 or 50 years there will be a transition period
between traditionally driven vehicles and those equipped
both with cooperative and autonomous systems. As will
be demonstrated in this paper, interferences could have a
negative impact on the overall traffic flow that should be
assessed before the large-scale implementation of these sys-
tems. Therefore, the real challenge faced by this paper is to
assess the possible effects of this coexistence on different
impact areas as defined by Studer et al. [2].

The identified research gap is analyzed considering an urban
context with three different kinds of innovative driving systems:

o Automated vehicles (level 3—4 of automation), for which
an on-board software manages the longitudinal and the
lateral control.

e Cooperative—connected vehicles (CCV) that can receive
real time information from the traffic light and adjust
their speed based on the signal phase. This system is a
simplified version of Green Light Optimal Speed Advi-
sory (GLOSA), called Time To Green (TTG).
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e Connected and automated vehicles, the jointed imple-
mentation of CCVs and AVs.

The three types will be simulated with different levels of
market penetration. The aim of the analysis is, in fact, to both
enrich the current literature with an Italian (and urban) use
case and to separate the impacts arising from automation
and the ones bound to connectivity. In this way it highlights
which are the possible benefits achievable in the short term
(where connectivity rather than automation is going to be
spread) and what are the ones that can be obtained in the long
run. This paper highlights the research aspects that should
interest public authorities and bodies the most, providing
them with the tools to plan the system that would maximize
the benefits at similar crossing, in different time horizons.

2 Literature Review

As mentioned in the previous Section, aim of this paper is
to both study the impacts of a GLOSA system on a real
crossing and highlight what are the benefits arising from
automation rather than connectivity based on different
market penetration. The GLOSA system is implemented
through V2I to provide the vehicle with a suggested speed
value to maximize the odds of arriving during the green
phase at the traffic light. Moreover, the remaining red time
is broadcasted to the vehicle to make the restart smoother.
A simplified version of the GLOSA Use Case is the Time to
Green one, through which only the suggested speed value to
arrive during the green phase is broadcasted. In literature,
many studies focus on the definition of different algorithms
to drive the receiving vehicle through the crossing or on
the impacts of connected and automated vehicles receiving
details about the signal phases. For example, Nguyen et al.
[3] analyzed through micro-simulation and field tests what
the performances of the GLOSA system can be and tries
to upscale these results to a generic urban area. The results
give back a reduction of travel time, waiting time, CO2 emis-
sions and fuel consumption both in simulations and in the
real case scenario, with CO2 emission decreasing up to 10%
with 100% penetration rate. The study focuses on a Vehicle-
to-everything (V2X) use case, though, not analyzing how it
can synergize with automated driving. The study by Jiang
et al. [4] considers these aspects, with the aim of designing
an algorithm dedicated to automated vehicles and able to
minimize fuel consumption through one or more branches.
The dedicated algorithm seems to grant increased benefits to
the automated vehicles when compared to traditional ones.
Moreover, still Jiang et al. [4] carried out the analysis on
an eco-driving system based on V2X communication in an
isolated intersection, simulating different levels of market
penetration for CAVs. The system Jiang et al. designed,
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prioritized mobility rather than fuel efficiency. The results
report benefits on fuel consumption ranging between around
2 and 58% and throughput benefits up to 10.8% based on the
penetration rate and on the traffic flows. Another interesting
result is the value of 40% of market penetration, beyond
which the benefits almost flatten. Again, this study does not
analyze connectivity and automation as separated features
concurring to the benefits at the crossing. Another results
worth reporting is that the benefits arise especially with high
levels of traffic flows rather than in non-saturated conditions.
For Wan et al. in [5], fuel consumption is prioritized
instead, and a speed advisory system is designed to lower
fuel consumption and waiting times using connected vehi-
cles. The results suggest that, while sacrificing some of
the throughput through the crossing due to lower speeds, a
reduction in fuel consumption up to 17% can be achieved.
On the other hand, Zhao et al. in [6] carried out an assess-
ment similar to Jiang et al. in [4] focused only on connected
vehicles. In this study, the authors tried to design an applica-
ble control solution to minimize the fuel consumption with-
out considering higher levels of automation. The assessment
is performed in mixed-traffic conditions, so that the influ-
ence of equipped vehicles on the rest of the traffic can be
derived. In the study of Zhao et al. [6], the connected vehi-
cles improve the fuel consumption of the other vehicles in
the network by imposing reduced speeds. It is interesting to
see how in this study the mean speed and therefore the aver-
age traffic flow slightly decrease, while in other analyses,
such as the one by Wan et al. in [5], there is a slight increase.
In this paper, the fuel emission reduction ranges between
around 4 and 14% on the single connected vehicle and are
equal to 14% for automated vehicles (performing the best
acceleration trend while approaching the signal).
Gajananan et al. in [7] studied the effects of GLOSA-
equipped vehicles with two sets of experiments. In the first,
only autonomous, computer-driven vehicles were simulated,
with six different penetration rates (0%, 20%, 40%, 60%,
80% and 100%). In the second one, to simulate the human
response to the GLOSA suggested speed, a driving simula-
tor with a sample of 10 people was used. During the two
experiments, the scenario was the same: a 2.8 km long road
with three signalized intersections. The authors evaluated
and compared stopping time (s), travel time (s), CO2 emis-
sions (kg) and average speed (km/h). In the first experiment,
there was a reduction of these parameters of up to 40.36%,
10.18%, 8% and 18.8% respectively. In the second one, the
reduction reached 67.63%, 15.7%, 19.83% and 19.2%.
Katsaros et al. in [8] evaluated the impacts of GLOSA on
fuel consumption and traffic efficiency. The two simulation
scenarios are based on an urban location with two traffic.
The first one involves only traditional vehicles, the second
one involves GLOSA-equipped vehicles with different pen-
etration rates. Results showed that the higher the penetration
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rate the greater the achievable benefits. The most interesting
result was that non equipped-vehicles were influenced too
by the presence of GLOSA-equipped ones: if the leading
vehicle is equipped with GLOSA, it forces them to adapt
their speeds. This study also demonstrated that it is possible
to obtain a reduction of 80% in stop time (s) and 7% in fuel
consumption (L/100 km) with 100% market penetration.

Sanchez et al. in [9] studied the impact on fuel consump-
tion of a system similar to the GLOSA obtaining a reduction
in fuel consumption equal to 30% with a penetration rate of
10%, Taliert et al. in [10] showed the effectiveness of GLOSA
on the Environment impact area through the reduction of CO
and NOX, result were up to 80% and 30% respectively and
Bodenheimer et al. in [11] studied benefits and limits of the
GLOSA system in a simulation environment, also reporting
as a credible result a reduction in fuel consumption of 13%.

The overview presented above concerns mostly GLOSA
solutions (see Appendix Fig. 15 for a summary) but, as men-
tioned, in this paper the automated scenario is evaluated too
with the aim of defining what are the benefits that can be
obtained through automation and what are the ones achiev-
able through connected vehicles. Therefore, a review of
automated solutions and how they are reproduced in micro-
simulated software is needed.

Stanek et al. in [12] evaluated the traffic benefits of auto-
mated cars through simulations in VISSIM. In this study, some
parameters have been calibrated to simulate the behavior of
automated cars and strong improvements were obtained. The
total network delay fell up to a 32% value (namely, from a maxi-
mum of 2.5 h with 0% of penetration rate to 1.7 h with 100%
of penetration rate) and the network average speed increased.

Shi et al. in [13] studied the traffic effects of AV. They ana-
lyzed the adjustment of HCM formulas due to the introduction
of automated vehicles. Each parameter was assessed in its influ-
ence and sensitivity to AV features such as reduced perception
and reaction time, tight car-following headways, precise lane
keeping, correct assessment of gaps, precise lane changing and
familiarity with any route. Considering different penetration
rates and two different sets of headway, the authors evaluated
traffic volume, capacity, speed and density. Results indicate a
reduction of traffic density up to 62% and, consequently, an
improvement of capacity (Level of Service) and speed.

Aria et al. in [14] modelled a 3 km highway segment
in VISSIM and a traffic composition including both light
and heavy vehicles. They demonstrated that average den-
sity (veh/km/In), average travel time (s) and average travel
speed (km/h) may increase as the penetration rate of self-
driving cars increases. They obtained a 4.14% maximum
improvement in average speed during the peak hour and a
maximum reduction of average density and average travel
time of 8.09% and 9% respectively.

Wietolt et al. in [15] studied the effects of automated
vehicles on traffic efficiency with a penetration rate of 100%

using Bundes Autobahn SIMulator (BABSIM). They dem-
onstrated that self-driving cars do not cause any phenom-
enon of traffic breakdown and increases the capacity due to
a more fluid traffic flow. Still, the magnitude of the impacts
strongly depends on the parameters assumed to simulate the
behaviors of automated vehicles. However, until automated
vehicles (level 3 or above, 2016 SAE International classifi-
cation [16]) enter the market, there will not be a prototype
system that can be calibrated and univocally simulated in
analyses such as the one presented in this paper. Therefore,
the adopted hypotheses and parameters must be explained in
Sect. 3 before reporting the results. Assuming that there is
no guarantee that CCVs and AV will merge into their clear
synergy (mentioned for example in Studer et al. [17]) in the
next decade, the authors considered it important to analyze
the aspects described above separately before considering
them jointly. To focus more on these items, the simulations
are limited to a single intersection, but there are many stud-
ies on coordinated managed intersections that give very
promising results in terms of traffic efficiency. Coordinated
intersection management (CIM) is a system that allows
each connected vehicle to negotiate the right-of-way with
an intersection controller). In the study by Bashiri et al. [18]
a reservation-based policy has been evaluated through a cost
functions to derive optimal schedules for platoons of vehi-
cles. According to this study, the Platoon-based Variance
Minimization (PVM) method decrease the Delay per Vehi-
cle from 43.26 s (with traffic light controlled intersection)
to 6.56 s (as aggregated result) and Fuel Consumption per
Vehicle from 84 to 77 ml to cross the intersection. Perron-
net et al. [19], on the other hand, implemented Cooperative
Vehicle-Actuator System (CVAS). This protocol, compared
to a 2 and a 4 phases traffic light, results in a decrease of the
average lost time: CVAS has a maximum of 22.6 s, 2 and 4
phases traffic light respectively 54.3 s and 56.4 s.

3 Driving Behaviors for Automated Vehicles
and C-ITSs

Simulations of Automated and Connected cars have been
carried out using the micro—simulation software VISSIM,
choosing some parameters of the embedded Wiedemann 74
driving model referring to the available literature. Wiede-
mann 74 is the model used by VISSIM to simulate the driv-
ing behavior in an urban context. It is characterized by five
groups of parameters concerning: queuing, car following,
lane changing, lateral behavior and traffic light system (see
Appendix Fig. 16). The parameters all can vary from tra-
ditional vehicles, connected and/or automated ones. The
selection of suitable parameters and behaviors is the result
of an accurate bibliographic research and of some of the pre-
liminary results of the C-Roads Italy Project ([2, 20]). The
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parameters used as input within VISSIM for traditional driv-
ing and automated vehicles can be found in literature ([12,
14, 21]). Some traditional behavioral parameters are different
from automated, as can be found in Fig. 16. This is due to the
characteristics of the automated vehicle listed below:

e The presence of on-board sensors (laser, radar and cam-
eras) allows to perceive more objects at the same time;
for this reason, the number of interaction objects per-
ceived by automated vehicles was set to 10, according to
literature ([12, 21]).

e Parameters concerning the car following model such as
reaction time and headway were reduced to simulate the
ability of automated vehicle to reduce safety distance
thanks to the shorter perception and reaction times.

e The sensors pick up and process traffic light signals,
therefore the response of the automated vehicle is faster
than the one achievable through human driving. Based
on these considerations, the reaction time set is equal to
0.5 s, according to literature ([12, 14, 21]).

Moreover, different cinematic functions simulate the dif-
ference between traditional and automated vehicles (defin-
ing accelerations and decelerations). Although the average
values are the same for the two driving behaviors, accelera-
tion and deceleration functions of automated cars have no
fluctuations around said value.

To reproduce in VISSIM the communication between
equipped vehicles and infrastructure, an algorithm called
“Speed at Signals” calculates the “optimal speed” to mini-
mize or avoid stop time at traffic light (Appendix Fig. 17).
There are three different situations:

— If the vehicle speed is higher than the minimum speed
to reach the intersection during green/amber phase, it
keeps the desired speed. The maximum speed allowed is
the speed limit of the road, so the desired speed must not
exceed the maximum.

— If the signal phase is green and the vehicle cannot reach the
traffic light before the green phase ends (because the target
speed is higher than the maximum allowed), it slows down
to arrive to the crossing as soon as the next green starts. In
this case, it can happen that the optimal speed is lower than
the minimum set. In this situation, the vehicle will cover at
minimum speed the distance that leads to the traffic light
and will stop. The minimum speed is 10 km/h for CAVs,
15 km/h for CCVs vehicle. This is the speed value below
which vehicles are unable to adapt their speed; very low
speeds would degrade traffic to unacceptable levels and
would meet a very low compliance rate by human drivers.
Therefore, values similar to the ones reported in Sect. 2
were chosen. These values are described in Sect. 4, where
the four scenarios are presented.
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— If the signal phase is red, the vehicle slows down, if
needed, trying to reach the traffic light as soon as the green
starts. The speed indicated as minimum, if reached, is kept
constant until the light turns green (or the vehicle reaches
the traffic light and stops), then the vehicle can accelerate.

To summarize: the algorithm computes the optimal speed
considering the distance vehicle-traffic light, the cinematic
functions of the vehicles (acceleration and deceleration val-
ues) and the “minimum speed”.

To better understand the results, it is necessary to explain
the informed hypothesis behind the simulations.

e Communication between equipped vehicles and the infra-
structure is dedicated for each vehicle. Because V2V
communication was not simulated in this work, each
connected vehicle adapts its speed without considering
the presence of the other vehicles between them and the
traffic light, to simulate mixed traffic conditions.

e Connected cars receive the information given by traffic
lights from a distance equal to the length of the con-
sidered road branches. This means that as soon as the
vehicle enters the network within the model, it starts to
adapt its speed if needed. This length does not exceed the
range of the broadcasting unit, equal to 1 km [17].

e In CAVs scenario, all considerations about the driving
model of automated cars and connected cars are merged
into CAV vehicles. In this case, equipped vehicles not
only can receive information from traffic light but also
adapt their speed and headway as automated vehicles.

e To simulate the difference in acceptance between con-
nected traditional cars (CCVs) and connected automated
vehicles (CAVs), two different values of minimum speed
have been defined (reflecting the higher compliance of
the second ones).

As aresult of the previous considerations about automated
vehicles, the behavioral parameters in Table 1 were assumed.

It is worth providing a short description of each parameter
to illustrate how they impact on the driving of CVs rather than
the driving of AVs:

— Interaction objects: it represents the number of observed
vehicles or network objects (such as traffic lights) that are
considered by the driver (or by the automated vehicle)
to define the desired driving behavior. The higher this
number, the more efficient the driving system.

— Average stopping distance: it is the average distance at
standstill, with automated vehicles being able to precisely
calculate the minimum safe value and to perform it. This
value should have a direct impact on the queue lengths.

— Safety distance: it is composed by a constant value and by
a multiplicative value. They both concur, together with the
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Table 1 Behavioral parameters (CV versus AV)

traditional autonomous
vehicles vehicles
Interaction objects 4 10
Average stopping distance 2.00 m 0.8 m
Safety distance (cost.) 2 1.5
Safety distance (mult.) 3 0
Reduction factor for safety distance 0.6 0.45
Reaction time at traffic light 2s 05s

standstill distance, to the desired safety distance as calcu-
lated by the drivers or the vehicles during their driving.

— Reduction factor for safety distance: it reflects how
aggressively the driver or the automated vehicles per-
form a lane change. The higher this value, the higher
the reduction in safety distance the vehicle accepts
while assessing a lane changing maneuver. An increased
aggressiveness in lane changing can improve the perfor-
mance of the network but also have a disrupting effect on
traffic efficiency. Automated vehicles are less aggressive
in lane changing than traditionally driven vehicles.

— Reaction time at traffic lights: represents the responsive-
ness of drivers or automated vehicles to restart at the
green light. The higher the promptness, the higher the
efficiency in crossing the intersection.

At the end of this section, it is considered important to
briefly describe the behavior of CCVs, AVs and CAVs
towards public transport buses, especially at bus stops. In the
case study considered, the bus stops are located at the side of
the road (see Fig. 7), this means that vehicles are hindered by
the presence of buses at the stop. Generally, if stuck behind
the bus, all types of vehicles try to change lane: in the case of
human-driven vehicles (traditional and CCV5s) it is more likely
that the lane change is successful, due to the greater aggres-
siveness of the human driver (as described in this section).

4 Modeling Analysis

Regarding what has been said above, the three guidance sys-
tems have been organized in four different scenarios, three
of which simulated with increasing market penetration rate:

Scenario 0: it represents the baseline. The actual traffic
demand and infrastructural offer (both recorded through a
monitoring campaign) were reproduced in VISSIM. This
allowed both to build the baseline and to calibrate the tradi-
tional traffic with the actual traffic flows.

Scenario A includes CCVs with a traditional driving sys-
tem, but unlike the traditional vehicles receive cooperative mes-
sages and suggested speed values. In this case, since the car is
human—driven, the minimum speed was set at 15 km / h.

Scenario B includes AVs. AVs do not receive information from
traffic lights but have higher driving performances and reduced
headways. The minimum speed set in this case is 10 km/h.

Scenario C merges scenarios A and B into one case study
to simulate CAVs. These vehicles can both replace driver’s
operations and receive signals from traffic lights. Like sce-
nario B, the minimum suggested speed is set at 10 km/h.

All scenarios were simulated both for the peak and off-peak
hour, to understand when the effects of innovative driving sys-
tems were more relevant. Automated and connected cars have
different values of penetration rate (10%, 30%, 60%, 100%) to
underline different impacts as function of penetration indexes
(especially with CCVs) and the effects of the coexistence with
traditional vehicles. Traffic flows used to calibrate the model
were obtained through a monitoring campaign during a repre-
sentative day of the week, from 07:00 a.m. to 11:00 a.m. and
from 4:00 p.m. to 7:30 p.m. to consider in one day both the
morning and the evening peak hour. Three vehicular classes
(cars, heavy vehicles, motorbikes: see Appendix Fig. 18) have
been recorded while a separate survey concerned the buses.
The calibration of the longitudinal traffic behavior was based
on the control parameter “queue length”, measured as the num-
ber of queued vehicles for each traffic light. The simulations
ran for a period of 3600 s, for each scenario (A, B, and C). 8
sets of simulations were carried out (four sets for each value
of penetration rate, twice to analyze peak and off-peak hours).
Every simulation was repeated ten times to vary the stochastic
parameters (random seeds) within the model.

4.1 Territorial Framework

The study takes place in the north — east urban area of Milan,
at the crossing between Plinio road and Morgagni road. The
intersection is rather representative as case study both in its
traffic flows and composition within the set of crossings judged
of interest by the Municipality. This intersection is character-
ized by seven vehicular traffic lights assumed equipped with
the Time To Green system and seven pedestrian traffic lights.
Plinio road and Morgagni road are approximately 300 m long.
Figure 1 displays the simulated intersection.

Simulation results will be presented for each maneuver
at the crossing shown in Fig. 2. The evaluation is focused
both on the node and the single link, to derive evalua-
tions on the overall system. The C-B and F-E maneuvers
were not considered after recording no vehicle carrying
out these maneuvers during the monitoring campaign.

Figure 19 in the Appendix shows the flows detected
within the node during the peak hour and used as input for
the model. The forecasted percentage of CCVs, AVs and
CAVs was calculated on the number of cars recorded for
each maneuver. In Appendix: Fig. 20, the signal phases of
the traffic lights are reported.
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Fig.1 Case study: Via Plinio—Via Morgagni crossing

4.2 Simulation Results

Fig.2 Case study—Maneuvers

what-if study allowed a comparison between CCVs, AVs and
CAVs scenarios, with and without public transport. Since a

In this study, to assess the impact of GLOSA and automated  single intersection is considered, third step is assigned to
driving, two important steps of the framework of [22] have  further papers.

been considered. As first step, a site calibration has been To have an overview of the traffic benefits as a function
conducted, to serve as baseline (Scenario 0). Secondly, a  of the penetration rate of CCVs, AVs and CAVs, four groups

Fig.3 KPIs — Vehicle delay and

. . 100%
vehicle stop delay—improvements

90%
80%
70%
60%
50%
40%
30%
20%
10%

0%

Improvements %

100%
90%
80%

Improvements%
88883
2 8? ? af a3t

- N
[~
32 3t

o
a2

@ Springer

——Sc A -CCV's
——ScB -AV's
——S¢.C - CAV's

é

= —

10%

—_

10%

30% 60% 100%
penetration rate

——Sc. A-CCV's
——Sc.B-AV's
——Sc. C-CAV's

30% 60% 100%
penetration rate



International Journal of Intelligent Transportation Systems Research (2022) 20:379-397

385

Fig.4 KPIs—Queue results:
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of results have been considered within the node and on the
links. According to [23], there are two types of impact areas:
direct and indirect. The authors, in this study, have chosen to
consider two main areas: Energy/Emissions, which is part
of direct impacts, and Network Efficiency, which is part of
indirect impacts. Network Efficiency in this case will refer
only to the intersection considered.

The key performance indicators (KPI) are listed below:

Node results: results deriving from an evaluation of the node
are sorted and reported by turning maneuver. Moreover, they
are scaled based on the actual flow of each maneuver so that
the derived impacts are on the overall traffic passing through
the crossing. The following indicators have been considered:

e Fuel consumption, CO and VOC emissions: in VISSIM,
a specific module computes emissions and consumptions
taking accelerations as input. This way it was possible
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results—improvements 100%
90%
80%
70%
60%
50%
40%
30%
20%
10%

Improvements %

30%

60% 100%

penetration rate

—— o

to evaluate the effects of innovative driving systems on
the Environment impact area [2]. It is acknowledged that
this module gives back an approximation (“the black box
effect”) but for the analysis presented in this paper, an
estimation based on the acceleration diagrams of the
vehicles is judged to be sufficient.

Average queue length: the measure of the average length
of the queue is useful to show the benefits of both auto-
mated and connected vehicles on Traffic Efficiency [2].

Maximum queue length: this parameter is useful for
evaluating possible atypical situations arising from the
interaction between connected vehicles adapting their
speed and public buses that make stops along the simu-
lated links.

Delay: through this parameter it is possible to evaluate
the impacts on Traffic Efficiency.
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Fig.6 KPIs—Relative time
lost—improvements

10%

e Stop delay: through this parameter, time lost by stand-
still vehicles at the traffic light is measured. Since the
main goal of the GLOSA system is to minimize stop
times, this parameter is useful for assessing the poten-
tial benefits arising from the presence of connected
vehicles.

Link evaluations: to show the traffic trend on the links
that flow to the node, link evaluations have been carried out
through the following KPIs:

e Relative lost time: delay rate on the link compared to the
free-flow travel time. In this way it is possible to meas-
ure the delay of vehicles with the free-flow travel time
as baseline (absence of other vehicles, obstacles, traffic
lights and public transport stops).

e Queue results: they show the trend of queue length dur-
ing the entire hour of simulation, with a 30 s resolution.

These parameters were evaluated for each maneuver and
link segment, for every scenario and every value of pen-
etration rate. Then, the results on the links and for each

——Sc. A-CCV's
——Sc.B-AV's
——Sc. C-CAV's

14%

60% 100%

penetration rate

maneuver were weighted based on the relative flows. In this
way, an overall result on the whole node was obtained.

5 Main Results

This Section shows the main results of the simulations
and the comparison between the three scenarios. Improve-
ments shown in charts, except for the queue trend, are all
referred as percentages over the baseline scenario 0 (results
reported in Appendix Fig. 21) and they are all results of the
peak hour simulations (being the one generating the higher
benefits). In fact, the results of the evaluation of peak and
off-peak hours present similar trends, curves differ just in
the magnitudes of the benefits. This seems to be a sound
result, with the impacts of Time To Green being more rel-
evant when a congested or almost congested situation can
be improved through C-ITS messages, moreover a similar
result is obtained by Zhao et al. in [6].

The introduction of automated and connected vehicles
fosters strong traffic benefits. Scenario C (CAVs) presents
highest improvements compared to the baseline scenario.

Table 2 Overall impacts on the Peak hour Peak hour
node. I 10% Market penetration I I 30% Market penetration I
KPI CCVs AVs CAVs KPI CCVs AVs CAVs
Delay Delay
Stop delay Stop delay
Average queue length Average queue length
Maximum queue length Maximum queue length
Fuel emissions Fuel emissions
Relative lost time Relative lost time
Peak hour Peak hour
I 60% Market penetration | | 100% Market penetration |
KPI CCVs AVs CAVs KPI CCVs AVs CAVs
Delay Delay
Stop delay 23% Stop delay
Average queue length - Average queue length
Maximum queue length Maximum queue length|
Fuel emissions Fuel emissions
Relative lost time Relative lost time
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As can be noted in Fig. 3, benefits are always proportional
to the penetration index. The improvement in scenario C of
78% of the vehicle stop delay demonstrates that through V21
communication it is possible to obtain a strong reduction of
stop time at the traffic lights with direct consequences on
traffic conditions, queue length and environmental impacts.
Moreover, the higher “willingness” of AVs to keep lower
speeds determines the higher benefits when compared to
CCVs, while regarding stop delays it is the connection that
provides higher benefits rather than automation. It is also
worth highlighting how, after a certain threshold (beyond
60%), the fewer interactions with traditional vehicles grant
an increase in efficiency of the traffic.

Figure 4 shows the improvements on the average queue
length, demonstrating the traffic benefits that can be obtained
by innovative driving systems, like the reductions of the KPIs
vehicle delay and stop delay do. The progressive reduction
of the average queue length is directly connected both to the
decrease in stop times and to the reduced headway values
kept by AVs or CAVs. It is interesting to notice how the
best system to be implemented between GLOSA or auto-
mation differs based on market penetration. In fact, while
the benefits due to a reduced headway and smoother driv-
ing (AVs) are linear with the market penetration, the ones
arising in Scenario A appear after a certain threshold, after
which the interactions with traditional traffic lose relevance.
As a future research direction, a more detailed analysis with
different market penetrations can be performed to frame the
exact penetration beyond which the interactions with tra-
ditional traffic lose relevance. Values of maximum queue
length have been evaluated to monitor possible phenomena of

Fig.7 Location of bus stops

Table 3 Maximum achievable benefits.

PEAK HOUR
| Maximum Improvement I
| PARAMETER | | Max Reduction | | Market Penetration |
Delay 100%
Stop Delay 100%
Average Queue Length 100%
Maximum Queue Length 100%
CO Emissions 100%
COV Emissions 100%
Fuel Consumption 100%
Relative Lost Time 100%

negative interactions between traditional traffic and the simu-
lated innovative systems. In this case, a direct proportional-
ity between the benefits and the penetration index does not
appear in scenarios A and C, because the maximum queue
length may depend on punctual and casual phenomena and
may not be necessarily linked to the penetration index of the
innovative driving systems. The strongest improvements arise
in scenario B, probably because the slowdown of vehicles
due to TTG messages interferes with the presence of public
transport at stops or with unequipped vehicles (over 60% of
market rate there is in fact an improvement in scenarios A
and C, with equipped vehicles becoming predominant).

The environmental benefits arising from the reductions of
queue length and stops at the traffic light are shown in the
graphs in Fig. 5. The improvements result from the lower
number of stopped vehicles at traffic lights and thanks to the
smoother accelerations/decelerations of the automated vehicles
(related to a lower fuel consumptions). The higher willingness

s A4
-

SR

L% O Bus Stop W
.’- \-"' b Bf,‘... . f )

N, ~
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Fig.8 Node KPIs — Delay
improvements

Improvements %

10%

of AVs to accept low speed values can be a hindrance for lower
market penetrations (CAVs reductions are lower than CCVs
ones), as far as fuel consumption is concerned. This too should
be considered while implementing a GLOSA system in the
short term and defining its operational parameters. The reduc-
tions in fuel consumption reach a maximum of 27% at a rate
of 100% CAVs, in line with [4] which predicts results between
about 2% and 58% reduction. In [9], a 30% reduction in fuel
consumption was found with respect to connected vehicles,
while in [5] and [8] the reduction was 17% and 7% respec-
tively, results more similar to those obtained in this simulation.
In Fig. 6, scenario B is bringing the strongest benefits. This
is probably due to the fact that the average speed on the links
in scenarios A and C is lower than in scenario B (due to the
Time To Green suggestion). The lower values of CAVs sce-
nario compared to the ones in CCVs scenario for many market
penetrations derives from the different minimum speed set for
automated and human-driven vehicles. CCVs have a minimum
speed value of 15 km/h, CAVs on the other hand have 10 km/h,
as reported in Sect. 3. Because relative time lost reflects the
delay rate limited to the links and ignores the benefits within
the crossing, low speed values cause lower improvements.
Another interesting result obtained through simulations is
the queue trend along the links that can be found in Appendix
Fig. 22 For every scenario and for every value of penetra-
tion rate, the trend of the queue length was evaluated with a

Fig.9 Node KPIs — Stop Delay
improvements

—e—A. CCV

s

—e—C. CAV

21%
30% 60%

penetration rate

100%

resolution of 30 s. These results are linked to the values of
average and maximum queue length. In the charts reported
in Fig. 22, the most representative case is shown: Morgagni
road presents the highest values of queues, with peaks at bus
stops, as it is possible to notice the introduction of automated
and connected vehicles reduces the average value (red line)
and the oscillations that fall almost around zero, except for
the peaks. These peaks are almost unchanged by the presence
of CAVs because bus stops are not touched by the Time to
Green (TTG) system and they regularly keep on causing long
values of queues behind the buses.

Considering the high number of scenarios that were ana-
lyzed, it is worth to provide a comparison of the impacts in the
three scenarios for the different market penetration (Table 2)
and an overview of the maximum achievable results arising
from the highest market penetration of CAVs (Table 3).

The best results concern the average length of the queues
and the stop delay KPIs. Except for relative lost time and
maximum queue length, all the KPIs achieve the greatest
benefits with automated and connected cars (scenario C);
this demonstrates that joint implementation brings benefits
greater than the simple sum of their individual benefits.

To better understand how CAVs models modify the
normal driving behavior in the simulations, please refer to
Appendix Fig. 23.

—e—A. CQV

=D AV A

—eo—C. CAV

Improvements %

10%
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Fig. 10 Node KPIs — Average
Queue Length improvements

30%

—e— A. CCV

—e—B. AV

)

-

Improvements %

10%

6 Comparison With Results in Case
of Absence of Public Transport

As a further elaboration, the authors simulated the case study of
the intersection assuming that there was no local public trans-
port, keeping the same parameters listed above, in order to
investigate how the presence of stops affects the three scenarios
and which scenario is the most affected within the various KPIs.

Therefore, to make comparisons, the same KPIs were
considered and the improvements in percentage terms of the
individual scenarios were assessed, comparing the values for
each market penetration index. This allowed the authors to
draw some conclusions about the importance of the effects
of public transport and bus stops on the potential of innova-
tive driving systems and may foster considerations about the
management of the co-existence of the two systems.

The case study conducted so far includes three bus stops
in the area in question, two along Plinio road, in two oppo-
site directions, and one along Morgagni road (Fig. 7) the
impacts have been more evident along these segments. How-
ever, in this article the results of the new simulations are
reported on the node as a whole, to compare them with the
results of the main case study.

By comparing scenario by scenario the results obtained
from the simulations without public transport with the val-
ues obtained from the previous simulations, it can be seen

Fig. 11 Node KPIs — Maximum
Queue Length improvements

Improvements %

10%

e

53%

30% 60% 100%

penetration rate

that some percentage improvements show a similar trend,
although with different values, while others differ and
deserve a more careful examination.

6.1 Results

In the following graphs and tables (Figs. 8 to 14), the
improvements are reported as a percentage with respect to
the same scenario and the same level of technology penetra-
tion of the previous analysis. Thus, the baseline scenarios for
this evaluation are the scenarios evaluated in Sect. 5.
Starting from delays results, the maximum improvements
are from scenario C, in case of Market Penetration Index (MPI)
equal to 100%. In both cases there is a general improvement, but
the improvement trends are very different one from the other.
Vehicle delay (Fig. 8: Node KPIs — Delay improvements)
presents the largest improvements within scenario C, associ-
ated with a growing trend with market penetration. Similarly,
the improvements in scenario A are growing as the presence
of CCVs increases. These trends reveal that the absence of
bus stops enhances the positive effects of CCVs and CAVs.
Scenario B, on the other hand, shows the opposite trend, with
an improvement at 100% MPI lower than scenario A. It can
be deduced that the absence of bus stops, which in general
cause slowdowns and delays to the vehicles queued up, has
a positive effect in all cases analyzed, but in scenarios A

—e—A. CCV

—e—B. AV

D

22%

—e—C. CAV

30% 60%
penetration rate

100%
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Fig. 12 Node KPIs — Fuel Con-
sumption improvements

Improvements %
(0]
X

10%

and C it increases in accordance with the Market Penetration
Index (MPI), while in scenario B the positive effects derived
from the absence of bus stops decrease as the presence of
automated vehicles increases. This can be explained by the
fact that automated vehicles do not receive the Time To
Green message, consequently they maintain a higher speed
in general, and the more AVs there are the more the traffic is
smooth. The presence of bus stops creates delays anyway (in
fact the absence of them, as already stated, brings benefits
anyway), but they are less evident as the MPI grows. In other
words, the automated vehicles, thanks to their characteristics,
make the traffic smoother as their presence increases, and this
makes the presence of the bus less and less incisive on the
general effects. The fact that scenario C shows percentage
improvements higher than scenario A is due the parameter
of driving aggressiveness in the lane change situation, which
has been set as higher for the human driver than the on-board
software of the CAV. This aspect results in a smaller fraction
of CAV vehicles that manage to change lanes if hampered
by the bus at a stop, so the absence of this situation produces
more substantial improvements in scenario C.

The KPI "Vehicle Stop Delay" (Fig. 9) presents general
improvements for all scenarios, along with the improvement trends
they presented also for Vehicle Delay. It is interesting that scenario
C MPI 100% sees an improvement resulting from the absence of
bus stops that reaches 40%. The reason could be that CAVs pre-
sent reduced aggressiveness behavior in changing lane and keep
reduced headway, making it difficult to insert between two CAVs

Fig. 13 Node KPIs — CO
emissions improvements (VOC
emissions has identical graph)

16%
14%
12%
10%
8%
6%
4%
2%
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10%
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in the lane in which the stopping vehicle wants to move. So, vehicle
find themselves stuck in the queue behind the stopped bus, thus
having great benefits from the absence of this stop.

As regards queue length, there is a very different trend
in the improvement between average and maximum results.
The average queue length (Fig. 10), in fact, sees an increas-
ing trend of improvements for all scenarios, with the maxi-
mum benefits obtained by the CAVs and, to a lesser extent,
by the AVs. The CCVs, being able to count on a greater
aggressiveness when driving, have more possibilities to
change lanes in case of queuing behind the bus, therefore
they obtain less benefits from its absence. CAVs get more
benefits for two reasons: like AVs they are based on auto-
mated driving, less aggressive and with a reduced headway
in the destination lane, which is why it is difficult to escape
the queue created by the bus stop as explained before, but
unlike AVs they also follow the Time To Green, creating
longer bus queues due to the possible slowdown near the
traffic lights. Therefore, these two disadvantages in terms
of the average queue result in greater improvements if the
combination with the bus stop is eliminated.

Similar comments can be applied to the KPI Maximum
Queue Length (Fig. 11). CCVs do not have a significant
improvement from the absence of the bus, AVs and CAVs
instead have greater improvements by eliminating the bus stop.
It is also clear that Time to Green has less effect on the maxi-
mum queue value: scenario C is exceeded in the improvements
by scenario B (except for the case 60% MPI). Within scenario

—e— A. CCV

—e—B. AV

—e— C. CAV

15%

30% 60% 100%

penetration rate
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Fig. 14 Link KPIs — Relative
Lost Time improvements

20%
15%
10%

5%

Improvements %

0%
10%

C, the 30% market penetration sees a lower improvement, prob-
ably related to the effects of the interactions between a limited
but growing presence of CAVs and traditional vehicles, which
maintain high queue values despite the absence of bus stops.

As can be seen from the graphs reported, Figs. 12 and 13,
the KPIs regarding fuel consumption and emissions present
the same trend (emission is proportional to fuel consump-
tion). This shows a strong and stable correlation between
improvements and innovative driving systems, regardless
of whether public transport is present or not. Clearly, as all
KPIs benefit from the absence of interaction with public
transport, fuel consumption, CO and VOC emissions also
benefit, although less than other KPIs.

Regarding link results, considering relative lost time
(Fig. 14), scenario B shows the greatest improvements, fol-
lowed by scenario C and scenario A. As usual, the bus stop
tends to create more problems for automated vehicles. This
is proportional to the market penetration index, as automated
vehicles replace traditional ones.

As evidence of what was previously stated about the trends of
the queues, considering scenario C on Morgagni road at 100%
CAVs (please refer to Appendix Fig. 22), it can be noted that
the absence of public transport involves a flattening of the curve,
in addition to significantly lowering the average (about 3 m).

7 Conclusions

In this paper, the impact of self-driving and connected cars
in a signalized intersection was studied. This type of analysis
seems to be desirable to derive a set of recommendations and
best practices for public bodies and authorities, to allow the
implementation of the GLOSA system in the most efficient
way without ignoring the peculiarities and features of each
case study (e.g. the bus route in the Plinio-Morgagni cross-
ing). The results of this case study can be transferred or
up-scaled to other urban contexts, as long as the boundary
conditions of the described scenarios are met.

//

—e—A. CCV
—e—B. AV

—eo—C. CAV

12%

30% 60% 100%

penetration rate

The analysis of the node has also allowed the following
considerations:

e All scenarios show overall improvements compared to the
baseline both in Traffic Efficiency and Environmental results.

e Except for some parameters (maximum queue length
and relative lost time), the overall improvement on the
node is always growing with the penetration index. This
means that the greatest improvements occur for penetra-
tion indexes of 100% (both for CCVs, AVs or CAVs). For
some parameters and values of the penetration indexes
(10%, 30%, 60%), irregular trends arise for the individual
maneuvers. This could be due to the interactions between
the different driving systems, which can punctually create
random phenomena and bringing negative impacts on the
single maneuvers. An element that strongly influences
the trending is, for example, the number of lanes and the
possibilities for vehicles to overtake.

e Since the intersection is urban, it was not always possible
to achieve improvements on all individual maneuvers,
mainly due to the interaction between the different types
of vehicles (automated / connected and traditional), the
driving model implemented in VISSIM and the specific
characteristics of the analyzed intersection. This also
reflects the fact that the new technologies can improve
the overall performance of the node but impact differ-
ently on each link, depending on its boundary conditions.

e By eliminating the interactions between public transport
and vehicles, it is possible to obtain overall improve-
ments for all scenarios and KPIs compared to the cor-
responding simulations with bus stops.

e The results show that bus stops have a greater impact on auto-
mated vehicles, as improvements in AVs are generally higher
than in CCVs scenario. The absence of public transport has a
positive impact on connected vehicles using GLOSA as well,
although less than on self-driven vehicles. Therefore, CAVs
are the ones that in most cases achieve the most improvements.
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The results have a double worth, increasing the number of
results present in literature both for connected and automated
vehicles and defining some first consideration about future best
practices and implementation logics, to be applied to assess the
best designing framework for intersections. As a future research
direction, it is desirable that these first considerations (and the
future ones) could be formalized into guidelines to help public
bodies and authorities in choosing what kind of system pri-
oritize (e.g. automated driving rather than GLOSA, on every
branch or with exceptions where public transport operates, etc.).

In the meantime, this paper provides a first set of results and
considerations, in fact it can be stated that the results prove
that, even though the node improves traffic efficiency in each
scenario, different factors concur into making automated driv-
ing rather than GLOSA the most useful system.

Appendix

Average standstill distance
Additive part of safety distance

2 m (traditional), 0.8 m (automated)
2 (traditional), O (automated)

Behavior at red/amber signal
Reaction time distribution

Go (same as green)
2 +0.3 s (traditional), 0.5 s (automated

Literature review - Impacts
Source System Subject Market Penetration Waiting Times Travel Times Energy Cc co2 Fuel Speed
) cav Comparison between GLOSA 100% Up to 155 reduction .Not comparable
systems improvements
a1 CAV FCO drlv\lr\g in an isolated Ranging 0.88% = 10.8% 2.02 +.58.02/6 14.4km/h
intersection . reduction
increase
[5] v Speed advisory system Ranging 2 + 8% reduction Up to 17% reduction
Ecosignal in an integrated
[6] v traffic-driving-networking 5% increase 4 + 14% reduction 10 km/h
ITS on green light ) Up to 40.36% reduction [10.18% reduction o 3
7 CVand CAV optimisation Ranging (cAv) () 8% reduction (CAV)
(8] v Impacts of GLOSA Ranging Up to 80% reduction Up to 7% reduction
19] v Trafficlight to vehicle 10% Up to 30% reduction
communication
.- . . _ |Up to 22% reduction
101 o Traffic light to vehicle Upto 8k forin-traffic |, 0 e
communication driving )
scenario
Fig. 15 Literature review — Impacts
[ QUEUING | | LATERAL BEHAVIOR
| Look ahead distance | Desired position at free flow Center of the lane
- Keep lateral distance to vehicles on next lane(s) yes
Min 0.00 m . .
Diamond shape queuing yes
Max 250.00 m . . —
X bi ditional Consider next turning direction -
Interacljlono {ects 4 (traditional), 10 (automated) Collision time gain 2.00s
Interaction vehicles 99 Minimum longitudinal speed 3.6 km/h
| Look back distance | Time between direction changes 0s
‘ Min 0.00 m | Default behavior when overtaking vehicles on the same lane or on adjacent lanes |
Max 150.00 m Minimum lateral distance (stationary) 0.20m
| Temporary lack of attention | Minimum lateral distance (in motion) 1m
Duration 0s | SIGNAL CONTROL |
Probability 0% ‘ Behavior at amber signal Continuous Check ‘
| CAR FOLLOWING | Probability Factors -
e | Reaction after end of red |
[ 74 par s |
‘ ) ‘

Multiplic. Part of safety distance 3 (traditional), 1.5 (automated)

Reduced safety distance

LANE CHANGE

Free lane selection
4 m/s? (own), 3 m/s? (trailing)
100 m (own and trailing)
1 m/s? (own and trailing)

General Behavior
Max Deceleration
-1 m/s2 per distance
Accepted deceleration

Waiting time before diffusion 60s
Min. headway (front/rear) 0.50m
Safety distance reduction factor 0.6 (traditional), 0.45 (automated)
Maximum deceleration for cooperative braking

3 m/s?
Cooperative lane change -
Rear correction of lateral position -

Factor 7 0.6
Start upstream of stop line 100 m
End downstream of stop line 100 m

Fig. 16 key parameters of VISSIM. In red, the parameters modified to simulate automated vehicles behaviors
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Main UDAs (User defined attributes) defined in VISSIM and used into “Speed at signals” code:

User Defined Attribute Description

GreenStart Second (instant of time) of the traffic light cycle at which the signal group will
turn green

GreenEnd Second (instant of time) of the traffic light cycle at which the signal group will
turn amber

TimeUntilNextGreen Time (in sec.) until the start of the next green phase. Calculated as the
difference between GreenStartand the current second of the cycle

TimeUntilNextRed Time (in sec.) until the start of the next amber phase. Calculated as the
difference between GreenEnd and the current second of the cycle

OrgDesSpeed The original desired speed that the vehicle normally tries to maintain

minSpeed Minimum desired speed at which a vehicle can move (10 km/h for CAVs, 15
km/h for CCVs)

DistanceToSigHead Current distance of the vehicle to the next traffic signal on the link

SpeedMaxForGreenStart Maximum speed at which the vehicle must move to arrive at the traffic light so
that the signal has already turned green

SpeedMinForGreenEnd Minimum speed at which the vehicle must move to arrive at the traffic light
before the signal has turned amber

ReceiveSignalinformation True if the vehicle is able to receive the traffic light cycle information (GLOSA),
false otherwise

Main logical operations performed by “Speed at signals” code (with reference to the above-mentioned variables):

Function “Init” (executed at the beginning of the simulation):

1. acquires the value of minSpeedvariable
2. defines the list of vehicles capable of receiving GLOSA messages (derivable from ReceiveSignallnformation

Function “ChangeSpeed” (executed every half second of the simulation):

For each vehicle that at the current time instant is:
- presentin the simulation
- located in a link with a traffic light downstream
- GLOSA enabled (ReceiveSignallnformation= TRUE)

At this point, the algorithm:

1. acquires the current values of the following variables:
- OrgDesSpeed
- DistanceToSignHead
- SpeedMaxForGreenStart
- SpeedMinForGreenEnd

2. calculates the OptimalSpeedwith the following algorithm:

IF SpeedMinForGreenEnd> SpeedMaxForGreenStart: # traffic light is currently green

IF SpeedMinForGreenEnd<= OrgDesSpeed:
OptimalSpeed= OrgDesSpeed # vehicle try to pass before it turns amber

ELSE: # vehicle try to pass in the successive green phase

OptimalSpeed= max(min(SpeedMaxForGreenStart OrgDesSpeed), minSpeed)

ELSE: # traffic light is currently red, vehicle try to pass in the next green phase
OptimalSpeed= max(min(SpeedMaxForGreenStart OrgDesSpeed), minSpeed)

# vehicle try to pass in the successive green phase

Fig. 17 algorithm "Speed at Signals" (PTV Group — 76131, Karlsruhe, Germany): User defined attributes and logical operations
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Vehicle Dimension (Lenght) Acceleration KPls IBASELINE RESULTS
Car Min3.75m, Max4.76 m Min 2 m/s2, Max 3.5 m/s2 Dehy [S] 285s
HV 10.22m Min 2.5 m/s2, Max 9.3 m/s2
Motorcycle 1.80m Min 2 m/s2, Max 3.5 m/s2 Stop Delay [S] 2125
Bus 11.54 m Min 1 m/s2, Max 1.5 m/s2 Average Queue Length [m] 17.3m
Maximum Queue Length [m] 86.0m
Fig. 18 Vehicle types in VISSIM: length and acceleration CO emissions [g] 293.6¢g
COV emissions [g] 68.0g
Fuel consumption [g] 42¢g
Relative Lost Time [%)] 473 %

Fig. 21 Baseline results

| PLINIO ROAD/MORGAGNI ROAD - PEAK HOUR 8:30 a.m. - 9:30 a.m. |

[ TRAFFIC FLOWS |
A - Plinio Road West TOTAL
B - Morgagni Road South/West | C - Morgagni Road South/East D - Plinio Road East E - Morgagni Road North/East | F - Morgagni Road North/West
Motorcycle HV Cars  |Motorcycle HV Cars  |Motorcycle HV Cars |Motorcycle HV Cars  |Motorcycle HV Cars  [Motorcycle HV Cars
0 10 58 16 32 265 0 1 13 16 43 336
C- i Road South/East TOTAL
D - Plinio Road East E - Morgagni Road North/East | F- Morgagni Road North/West A - Plinio Road West B - Morgagni Road South/West
Motorcycle HV Cars |Motorcycle HV Cars |Motorcycle HV Cars |Motorcycle HV Cars |Motorcycle HV Cars [Motorcycle HV Cars
7 0 42 32 7 263 7 0 32 46 7 337
D - Plinio Road East TOTAL
E - Morgagni Road North/East | F- Morgagni Road North/West A - Plinio Road West B - Morgagni Road South/West | C - Morgagni Road South/East
Motorcycle HV Cars |Motorcycle HV Cars |Motorcycle HV Cars |Motorcycle HV Cars |Motorcycle HV Cars [Motorcycle HV Cars
0 0 10 96 7 317 23 0 45 119 7 372
F- i Road North/West TOTAL
A - Plinio Road West B - Morgagni Road South/West | C - Morgagni Road South/East D - Plinio Road East E - Morgagni Road North/East
Motorcycle HV Cars  |Motorcycle HV Cars  |Motorcycle HV Cars |Motorcycle HV Cars  |Motorcycle HV Cars  |Motorcycle HV Cars
4 4 42 116 0 260 4 7 20 124 11 322
17% 4% 79%
Fig. 19 Traffic flows during peak hour
Signal group Signal sequence g 10 20 30 40 50 50 oo B W a | = ]
1 BB RedGreen-A g 2 0 23 3
2 42 68 3
3 0 38 3
4 0 42 3
5 Red-Green-A 24 - 24 42 3
6 Red-Green-A ] 69 46 69 3
7 0 19 X
Pedestrian A 48 57 15
Pedestrian B 0 38 6
Pedestrian C 0 35 7
Pedestrian D 42 56 15
Pedestrian E 0 18 7
Pedestrian F 0 15 S
Pedestrian Z BB Red-Green-A 43 ; 43 69 3

Fig. 20 Signal Phases. The signal group are defined in Fig. 1
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Fig.22 Queue fluctuations and trend line along Morgagni road for baseline scenario and Scenario C (100% CAV), both with and without public
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