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B BN Autopistas Abertis Espana
ACC Acceleration Controller

ADAS Advanced Driver Assistance System
ASF ASFINAG

ATE AustriaTech
AV Automated Vehicles

CACC Cooperative ACC

CAM Cooperative Awareness Message

CCAD Connected and Cooperative AutomatBdving
CCcv Connected Conventional Vehicles
CT Conventionallrailers
Cv Conventional Vehicles

DENM Decentralized Environmental Notification

Message

DLA Dynamic (Dedicated) Lane Assignment
DoA Description of Action

FCD Floating Car Data

HMI Human Machine Interface

IMC INFRAMIX Management Centre
IMIS Intelligent Mobile Information System
ITS Intelligent Transport System
IVIM In-Vehicle Information Message
12X Infrastructure to everything
KPI Key Performance Indicator
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LOS Level of Service
LTE Long Term Evolution

MTFC Main Traffic Flow Controller
OBU On Board Unit
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OEM Original Equipment Manufacturer
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RSU Road Side Unit
Rwz RoadWorks Zone
SIE Siemens
TGAP Time Gap

TMC Traffic Management Centre
TOR TakeOver Request

TP Trajectory Planning
TTC Time to Collision
VIF Virtual Vehicle
VMS Variable Message Sign
VPN Virtual Private Network
VSL Variable Speed Limit
VuT Vehicle under Test
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Executive Summary

Assessment of the impact of INFRAMIX Transport developments is very important to
understand how drivers, passengers and transportattakeholders' lives will change from
their application on the roads. Assessment methods included simulation software
incorporating microscopic and swhicroscopic modiing of different scenarios and use
cases, mixedeality approaches (i.e., hybrid testjh for integrating realife testing with
simulation, as well as redife motorway testing.

The submicroscopic simulation refers to the complete simulation system of a single
autonomous egevehicle with full authority over vehicle dynamics, control actwat
surround awareness as capturbfdm the simulated sensors and autonomous ADAS
functions. In the Hybrid Testing framework, the vehicle dynamics is not simulated but
measured, and also the ADAS functions are implemented directly on the vehicle.

The sped recommendation for connecteshd automatedvehicles on the roadhas positive
impact on safety, while lane changmwliciestypically lead to traffic flowinefficiency and
generate riskyraffic situations (in terms of reduced TTC)

Extensiveexperimentswere carriedout usingmicroscopidraffic simulationsto obtaina dee

per understandingof the conductof mixedtraffic on highwaysand how mixedtraffic canbe
enhancedusingnovelcontroltechniques. Using different traffic controllers with more and
more connected vehicles on the road offers multiple opportunities to increase the traffic
efficiency. Whereas conventiomathicles can only be handled conventionally with advice,
e.g. by introducing and monitoring variable message signs, connected vehiclesceive
unique advice through IFS5 or cellular communication technologies (e.g. LTE#G).

The use ofthe traffic controllers establishedeads to improved traffigperformance. Te
efficiencycould be increased by up to 50 percent compared taiacontrolled case by using
smart timegap adaptation controllers in traffic management.o avoid expensive
investments in infrastructure to deploy VMS at close intervals, solutions were examined that
would require fewer VMS and no VMS at all, while relgingommunicated traffic advicén

such cases, with a penetration rate of communication capable vehicles (connected and
automated ones) of 1220 per cent or more, improvettaffic efficiency values could be
achieved Aside from the performance gains achégl by the controllers, traffic safety shows

a minor but acceptable deterioration, since a traffic system with less congestion and higher
speeds is naturally accompanied by smaller TTC values.

In Chapter2 Bvaluation high level methodology for traffic efiéncy and safetis presented.
In Chapter 3 evaluation set up for microscopic and submicroscopic simulations is described.

In Chapters 4, 5 and 6 the Evaluation Setup in Aust&aanish sites and hybrid testing
respectively is definedn Chapter 7 thévaluatiorresults on traffic efficiency and safety are
presented. Finally in Chapter 8, an approach to new safety criteria based on simulation
results is defined.
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1. Introduction

1.1 Purpose of Document

Thepurposeof thistaskisto carryout the technologicakvaluationof INFRAMIXechnologe

s (includingnew modelsof traffic flow, traffic predictionalgaithms, traffic control measures

) andto evaluatethe effectivenesf the proposedinfrastructure interventionsfor mixedtr

affic scenariosand different penetration rates for automated and connectedvehicles The
analysiswill focuson the three scenarios under review, using the methods and indicators
described in D5.1.dety performance and traffic flow efficiency are the main areas for
impact to be addressed.

Dedicated simulation scenarios were setup to perform extensive siroalagists using the
overall simulation environment developed in WP2. These scenarios included detailed vehicle
models, smart vehicle behavior mdtieg, V2X communication models for connected
vehiclesgtc.

Theindicatorsthat were calculatedvere basedn measurementselevantto the time gaps
betweenvehicleshumberof incidents,characteristis of the speedprofile, traffic  density,

traffic demand, travel time etc. Analysis of the data deriving from cases with INFRAMIX
improvements and comparison witthe base line scenarienabled INFRAMIX to determine

the effects on the safety and traffic efficiency indicators selected, an important target of the
project.

Concerning safety, the ultimate goal is to identify potential hazards in mixed traffic
situations and lay the foundation for the timely implementation of the automation
appropriateand therefore safénfrastructure network.
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2. Evaluation Methodology fof raffic Efficiency and Safety

The hybrid road infrastructure is a relatively new research area, which might require new
methods of evaluation. The starting point for developing the assessment system used in the
project is the FESTApVocess approach,saenvisaged in the INFRAMIX DoA.

FESTA (Field opErational teSt supportT Action,-2008)was a project set up to provide
detailed guidelines on the assessment and deployment of driver support systems and
functions using the technique of field operatidngesting (FOT). The goal of the FESTA
project was to provide a standardized framework to ensure proper evaluation of the
systems.

The FESTA Handbook versiorfly was used as a starting point to build INFRAMIX's
evaluation methodology. This is the versiopdated in 2018 by the Coordination and
Support Action of the CARTRE (Coordination of Automated Road Transport Deployment for
Europe), on how FESTA can be used in automated vehicle testing and evaluation projects.
INFRAMIX'snethodologyfurther adaptsFESTAo that the so-called"hybrid" infrastructure

canbe evaluatedin termsof traffic safety andraffic efficiency.See Chapter 2.1 in D5.1.

INFRAMIX retains the key steps of FESTA in carrying out an assessment analysis and adapts
the FESTA measures to the goals of the project and the program under review in INFRAMIX.

Theresultingapproachto INFRAMIXévaluationis shownin Figurel

P S —— P ———
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Traffic scenarios Roadmap

Use cases Infrastructure classification

Traffic efficiency
Traffic Safety

Research questions & Hypotheses

Performance indicators & metrics
Users appreciation

Study design Data processing

Database
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|

Figurel. INFRAMIX evaluation approach(inside the red circl@téparationstageis shown
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Microscopic, submicroscopic simulations and hybrid testing were used as important
evaluation tools.Measurements of flow, speed and density by class of vehicles (e.g. car;
truck; connectedor not) by sectiodane andby measurement time stagpermitted any

form of necessanaggregation. Themmost of the indices used for traffic impact assessment
of each of the scenariog.g. total travel time, total travéed distance, total delay) were
measured.

Measurements of flow speed and occupancy per vehicle class (e.g. car;donclectedor
not) per sectiodane and per measurement time stage allowed for any sort of aggregation
needed and for estimating most of the performance indexes disedmulation evaluation

However, the extremely low penetration of connected vehicles for an extremely short
period of time (i.e. a short slice of time within the peak period) did not allow any use case to
be assessed requiring contractionsin reaklife matorway traffic conditions.
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3. Evaluation Setup in Simulation

According to the simulation approach in INFRAMIX, the most important aspects of the real
world test sies are modelled according to the evaluation focus on the individual simulation
methods. Please note that each setup is realized by the INFRAMIKglation framework

of VSImRTI and ICOS as developed in WP2.

The Austrian test side was selected, watlyet, not limited to¢ the main fous on safety
evaluations The selection goes wehlong with synergies of hybrid testing, which is also
performed in Austria. Please note that the submicroscopic simulation setup also contains a
microscopic component for background traffic. The main difference to the microscopic setup
is the more detadd and reaktic modelling of one specifiaqg& vehicle, yet with a limited
extert of the experiment playground (highwastretch of5 km) and a limited experiment
time (in the order ofL minute) as explained latem.

Accordingly, the Spanish site is theslsaof the evaluations for traffic efficiency, where
microscopic models are prevailing. This site is reflected in a long stretch of 30km and
simulation/evaluation time of several hours (3h). In contrast to the submicroscopic setup
where measurements mainhggard to the Ego, the evaluation considers all vehicles and the
holistic traffic pattern. Also safety can be evaluated in $garsite. This will be done in
Section?7.1

3.1 Microscopic Simulatioq Spanish Site

The microscopic simulations atarried out with the INFRAMIX -simulation framework. All
required models for road traffic, communication, applications, user behaviour, and traffic
management are coupled using VSImRTI. The following models are included in the
simulations:

1 Map: The geomey of the road on a microscopic basis.
1 Road Traffic Vehicle movements on the highway ressembling real traffic patterns.

1 Communcation: Different communication paths including F&5 and cellular
communication (LTBG/AG).

1 Road Infrastructure: Includes variable message signs for speed limits and lane
assignments for AVs, various road detectors which are linked to the controllers, as
well as road side units communicating with vehialed TSG5 communication.

1 Traffic management and service€ollect position data from vehicles (CAM) and
distribute adviceglVIM)

9 User behaviour Reacting on variable message signsashdces via IVI messages.

1 Vehicle applications:Includes differentiation in driving behaviowf AVs and
conventional vehicles. AVs can furthermore react to advices via IVl messages on
their own.
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Additiondly the INFRAMIX controllers, which are mainly the subject for the microscopic
evaluations on the Spanish site, are directly integrated with $imulation environment.
Figure Z2illustrates the models included in the microscopic simulations. More detailed
information about the models can be found in deliverable D2.2 and D2.4.
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Figure2. Overview of all models included in the microscopic simulation

Modelling the road traffic for the microscopic simulations was one of the main challenges to
solve and has been accomplished in a two step process. On the basis of real toll data
provided by AE a largescale simulation scenario along the highway AP7 has been created
with more than half a million vehicles during a 24h period. This scenario has been calibrated
using the the toll data to match the real traffic as close as possible. Since thistspestsite
covers only a little stretch of AP7, the largeale scenario has been cropped to a 25 km
stretch using novel techniques implemented in thestmulation framework. This final
simulation scenario allows to focus the experiments and evaluatiothe testsite only and
enables simulations faster than real time. The complete process of creating and calibrating
the scenario is described in Deliverable D3.3. Both, the {scgte scenario the whole AP7

and the test site sectioare shownin Figure3
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Figure3. AP7 modelled in the simulation scenarios (yellow = complete scenario, reesiteasienario)

The traffic model for the test site has been calibrated to match reality as close as possible,
however, no congestion occurs which could be eliminated by applying the INFRAMIX
controllers. Thereforeit wasdecided to add additional synthetic generatedffra demand

to one of the highway entries near the end of the test site. This additional traffic is
configured with the same mixture of traffic as the main stream.

For the onramp on segment 30 (seigure4), additional traffic demand is added which
constantly grows over time, stays on a contant level for 10 minutes, and is decreased again
constantly for a shorter period of time. As a restiite bottleneck is activated as a capacity
drop is observedat the merge area of the eramp which results inangestion further
upstream, as emphasized in the speed contour plo&Egure 5.
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Figure5. Speed contour plots sftuation without (left) and with additiona traffic (right), resulting in a necessary
capacity drop and upstream congestion

Simulation Parameters

The simulation scenario can be parametrized in different aspects. In fact, each model
provides a various sedf parameters. Most of those parameters have been set to fixed
values during the calibration process. For a detailed evaluation of the performance of the
INFRAMIX controllers, a set of abstract parameters have been introduced which are altered
during the émulation series. Those parameters can be categorized in three different groups:
Parameters which are relevant for evaluations of tBettleneck scenarios, parameters
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which are used to evaluatBynamic Lane Assignmerscenarios, andjeneral parameters
which have influences on both. The following parameters have been identified:

General parameters:
T P1c Traffic Volume

Defines the volume of the vehicle traffic on the test site. For AP7, the vehicle traffic
derives from real data and resembles a whole dd@yehicle traffic. Additionally,
synthetic traffic has been added to reach a capacity drop at the on ramp of Girona
Oest. The scenario of AP7 Girona used for the evaluations has-@miigured
three-hour window from8 am until 11 amwhich already incldes the synthetic
traffic. Choosing a different time window with24h allows to adjust the traffic
volume accordingly.

In addition, the amount of synthetic traffic can be configured. Adjusting this value
can be required, as depending on the penetratioteraf automated vehicles, the
configured traffic flow maxima leads to congestion activation and a related capacity
drop sooner or later and therefore to less or more congestion to dissolve.

1 P2c¢ Communication Link

Chooses between the communication link te applied for the simulation.
Communication between vehicles and the TMC is either modelled via the cellular
link, or via IT$5 including road side units which are located along the road (e.g. on
each segment border). It can be switched between:

o0 No communication would disable any message distribution amongst
vehicles and the TMC. Only the VMS could be used to control the traffic.

0 Cellular Communcatiormodels communication over the celluléink, e.qg.
LTEor 4G/5G. Vehicles communicate with the TMEedily, no additional
infrastructure is required in the simuation.

o ITSG5 with high RSU coveragmaodels direct communication via FG5.
Vehicles are connected with road side units, which are placed at each
segment (every 500m).

0 ITSG5 with low RSU covege models direct communication via FIb as
well. In this case, road side units are placed with higher distance, e.g. every 5
km on every tenth segment.

1 P3¢ TMC Update Interval

Vehicle messages (CAMs) are sent to the TMC and are aggregated before making
control decisions. This parameter defines in which interval those messages are
collected and aggregated and therefore, in which interval control decisions are
made. Typical variations could & second®r 60 second®f update interval.
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1 P4c PenetrationRate

Defines how many vehicles are equipped with autonomous driving functions and
communication facilities. Both dimension%o (of AVs and % of CQVean be
parametrized individually, whereas AVs always have a communication link enabled
and react on adviceper default.

Even though the penetration rate can be freely configured, we propose the
following six configurations which take typical market penetrations into account
(Figure 6)

In all following charts and tables, the penetration rate is noted with tha OK S-YS &/ +
CCM ¢ ® 9 dIP-0dKESE GBNBYY & dprz’s 2F GSKAOf Sa I+ NB
connected conventional vehicles, and 2% have automated vehicle functions.

Penetration Rates
100%
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80%
70%
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AV mCCV =cv

Figure6. Proposed penetration rateonfigurations for the evaluation series

Specific Parametrizations for DLA scenarios
i P5cAV Lane Position

Defines the position of the dynamic AV lane on the test site. AV lanes are either
activated on the rightmost, or leftmost lane of tighway.

Specific Parametrizations for Bottlneck scenarios
1 P6¢ Segmentation

Defines how the segmentation of the highway is supported by the infrastructure
(VMS and sensors). In the preconfigured scenario of the test site, the highway is
divided in 40 segents which all include detectors and variable speed signs at the
entries/exits of each segment. This segmentation could be parametrized by

o ApplyingVMS and detectors for each segment.
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o ApplyingVMS and detectors for some segmensly. Variable speed signs
exist only after orramps and at strategic relevant places along the highway.

o No infrastructure at all,all segments are pure virtual in the controller. This
implies that communication is required and that vehicles, which receive
advices from the contradr via IVI messages, can react to them accordingly.

1 P7¢INFRAMIX control algorithm variations

Chooses between the different advices the TMC should send to the vehicles and
VMS. The advices include speed advices, lane change advices. This is achieved by
using and combining the different INFRAMIX controllers:

0o VSL controlcontrols the traffic by setting speed limits by using VMS
dynamically.

0 VSL control with ¥X controls the traffic by setting speed limits by using
VMS dynamically and sends out speed advida IVl messages.

0 Lane Change Control (LQ@gs to prevent congestion by moving individual
vehicles to other lanes by sending out lane change advices via IVl messages.

0 Gap & Acceleration Control (AC&jvices autonomous vehicles to reduce or
increasetheir time headway to increase capacity on the highway.

o Any combination of the above

Furthermore therandom seedof the simulation run can be changed in order to gain
meaningfull results. The following parts of the models are affected by the random seed:

9 The time of departure of each vehicle.
1 The vehicle dynamics (speed limit adaption, distance behaviour falleming car).

1 The assignment of each individual vehicle to CV, CCV, and AV, according to the given
penetration rate.

M The reaction on VMS and received advices.

1 The distribution of V2X messages.

Performance Indicators

The following Key Performance Indioet can be gathered from each simulation run:
1 K1-Average Travel Time

Provides the average travel time (in seconds) for each individual or group of vehicles
(CV, CCV, AVs) and for all vehicles in total. The travel time for each vehicle is
calculated by shtracting the time of departure from the time of arrival.

1 K2¢Total Time Travelled
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Provides the total time traveled during the whole simulation over all vehicles. The
Total Time Travelled is calculated by the sum over the number of vehicles in each
segment and each time step.

1 K3¢ Mean Speed, Density, Flow over Time for each Segment

For each segmentjarioustraffic propertiesare aggregated for fixed intervals (e.g.
300 seconds, independent of application configuratiddgsed on this data, speed
contour plots and fundamental diagrams can be created.

1 K4gAverage Harmonic Speed

Measures the harmonic speed of each vehicle and averaged over all vehicles or
group of vehicles.

1 K5¢ Average Delay Time

For each vehicle the travel time comparedie fastest vehicle on the same route is
compared and stored (the assumption is that the first vehicles would have a free
flow travel). The delay times are again averaged over all vehicles or group of
vehicles.

1 K6¢ Average Number of Stops

CountsthenumBNJ 2F aid2LJa F2NJ SI OK @OSKAOf So !
exceeds 2 m/s after it went below 1 m/s.

1 K7c¢Average Fuel Consumption

Measures the average fuel consumption for each individual vehicle (in I/km).

1 KB8¢ Timeto-Collision Frequencies

Time to Collision(TTC) is the remaining time before the-eadr accident if the
course and speed of vehicles are maintaineaor each vehiclthe TTC (in seconds) is
calculated in each simulation step and categorized into groups of intervals of 0.1
seconds. For each interval, a total number of occurences is gatherd. This KPI can be
used to deduce safety impacts from the use of the INFRAMIXrallems and
dedicated lane assignments.
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3.2 Submicroscopic SimulatianAustrian Site

Deliverable 5.1 £ 'y F2 NJ S @I fedghgémed(§] contyiriRa liszaf pextirfance
indicators of the entire ceimulation platform. That means th&ub-microscopic simulation
from Virtual Vehicle as well as the microscopicstoaulation VSImRTI from FOK. ViF is
investigating sulmicroscopic cases which are limiteddpecific segmentsgégment 3 of the
Austrian siteand restricted in simulation time.

These short simulations are repeated 60 times and most of the results are averaged over all
60 repetitions. The following list gives an overview of the performance indicators available in
the submicroscopic evaluation:

1 Travel time (average and deviatiowy fdifferent classes of vehicles
Time gap
Time spent in a section/segmeént

Harmonic speed

Time to Collision (TTC)
Mean speed (average and deviation) for different classes of vehicles

1

1

1

9 Distance to merge
1

1

1 Vehicle has merged successfully/moiccessfully
1

Number of stops (average and deviation) for different classes of vehicles

3.2.1 Scenario descriptiog Bottleneck¢ Onramp

The current result discussion is related to simulations with a focus on bottlenecks on
motorways. Alsimulations were conducted on a specific road stretch of the motorway A2 in
Austria. The VUT (Vehicle under Test), an automated vehicle comes from the onramp and
tries to merge into the mixed traffic of the main road.

The VuT is simulated with the suamicroscopic framework, while the mixed traffic is
modelled in SUMO and simulated in the VSIimRTI framework. Both parts are coupled and
interact together. (See Deliverable 2Specification of sulmicroscopic modelling for
intelligent vehicle behaviop{4].

Toachieve a steady state of the traffic situation on the main road-eadled presimulation

of 300 seconds has to be done before the VuT starts on the onramp.
The idea of this scenario is the investigation of one automated vehicle during threading on
the traffic on the main road in the area of an onramp as well as its own behaviour.
Firstly, baseline simulations are conducted. They build up the basis for a comparison with

1n evaluation of submicroscopic simulati#hNd @St GAYSQ FyR W¢AYS &ALISYR
same.
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simulations including infrastructure measures. By means of that comparison, an
identification of the frequency of critical situations is possible.

In what follows, the simulation setup for the baseline as well as the measure simulations are
explained.

Baseline Simulation

As already mentioned, the VuT drives in this scenario on the onr&imge there is no
additional infrastructure measure present, the vehicles on the main road as well as the VuT
drive according the traffic rules. That means with a maximum speed of 130 km/h.

Measure Simulation with Speed Advice

The first measuresimulation focuses on the investigation of traffic effects when the
maximum allowed speed is reduced from 130km/h to 100 km/h in segment 3. A variable
message sign (VMS) indicates that the maximums speed in segment 3 is now limited to 100
km/h. Additionaly automated vehicles are informed via IVI message about the new speed
limit of 200 km/h.

Measure Simulation with Speed and Lane Change Advice

The second measure simulation includes another measure. Now, automated vehicles get
additionally a lane change waide for segment 3. The idea is to improve the merging
behaviour on the onramp by forcing automated vehicles to leave the rightmost lane and
open gaps for merging vehicles coming from the onramp. The automated vehicles are
informed via CIT8iessage to leatheir current lane and change to the left lane.

Road network

The basis of the road network is one part of the Austrian test site on the motorway A2. This
motorway section consists of approximately 5 km with three lanes and one onramp. The
lane widths rage from 3.5 m to 3.75 m. This onramp is at airport Graz (Kii183.009°
E15.439°) and has a acceleration length of 250 m. Besides the typical character of an
onramp, this motorway section is part 8fp.Lab atwenty-kilometerlongtest track which is
equipped with a huge sensor system used to provide information about the traffic flow.

Inside the microscopic simulation SUMO and the whole framework (VSIMRTI coupled with
submicroscopic simulation from ViF) this road section is divided in four segmeruts.tisén
current analysis focuses mainly on traffic behaviour in the near vicinity of the onramp, which
is located in segment 3, all evaluations are related to that segment.
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Traffic Parameterization

The Traffic parameterization is based measurement data from AS this road stretch.

The measurement data were used as input data for an optimization of the parameters of the
traffic.  The used  optimization procedure can be rdu in  [6].

The different densities of the traffic are divided into four level of services)(ITd8se LOS

are an input parameter for the simulation whereby 60 simulations were made for every LOS.
Tablel. Traffic flowconfiguration based on Asfinag Data

Flow Flow
- veh/h
LOS A 1580
LOS B 3065
LOSC 4410
LOS E 5180

From the measurement data also an average distribution of vehicle types was derived.
Nowadays, traffic consists only of conventional vehiclethaban assumption of automated
vehicles has to be done for the simulation. Therefore, the current ratio of 85.7%
conventional vehicles, was divided in 25% automated passenger cars and 75% of
conventional passengeehicles.

Table2. Percentage of different vehicle types

Vehicle Type Part of the flow
Conventional vehicles 64.5%
Automated vehicles 21.2%
Motorcycles 2.3%

Trucks 4.7%
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Trailers 6.9%

3.2.2 Scenario descriptiog Bottleneck¢ Main Road

Now, the VuT is driving on the main road. When the VuT approaches segment 3 there is
driving mixed traffic along the onramp and try to merge into the main traffic.

Baseline Simulation and Measure Simtins

As in the previous scenario description, the baseline simulation without infrastructure
measures built up the basis for comparisons with measure simulations. In this scenario we
use the same measures as before. Firstly, a speed advice as infrastroohasure and
secondly, a combination of a speed and lane change advice.

Traffic parametrisation

The same traffic specification as before is used. Additionally, 10% of the traffic on the main
road is now generated at the onramp.
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Table3. Traffic Flow Demanded

Level of Service Flow Main Road Flow Onramp
- veh/h veh/h
LOS A 1580 158
LOS B 3065 307
LOSC 4410 441
LOS E 5180 518

3.2.3 Scenario descriptiorr Roadworks zone

In the roadworks scenario the focus @m the investigation of the impact caused by
infrastructure measures on one specific automated vehicle. In this specific szehari
measure is presented by &lTSmessage, which informs the VuT about an upcoming
roadworks zone.

For the current scenario the same road stretch with the same division of segments as in the
bottleneck scenario is usedde Section 3.2.1 for the scenario descriptidn)the current
analysis however, a roadwork zone is defined in Segfefhe rightmost lane iSegment

3 is blocked and is not available for the traffic to enter, throughout the segnfdat the
onramp in segment 3 was modelled as closed. Thus, omlye? Iremain for the whole traffic

in Segmens.

In the current studythe VuT is simulated again with the smiicroscopic cesimulation
framework, while the mixed traffic flow is modelled using SUMO and simulated in the
VSImRTI framework. We note that botSUMO an VSImRTI are coupled through co
simulatoin and interact together. To obtain sufficient statistical samples, each simulation
setup was simulated 60 times with varying random seeds.

In each simulation the VuT starts at the beginning of the simulated road stré&toh.
bottleneck in this scenario is the intersection point between Segr2eand SegmenrB. In
Segmen2 there are three full lanes available, which are later reduced dowwdolanes in
Segmen3.

Roadwork zone simulations were conducted with SUMO Version 1.5, not in SUMO 1.4 as
GAOK GKS 0200t SyS01 &40SYIFNR2AO® ! f &ifranibKS +{ A Ywd
MPDPAN DAY FNF YAEGHAHAANOMOQ RdAzNAYy3I (GKS w2l Rg2Ny & 1

Baseline and Measure Simulation

In general DENM messegjare event based messages and can be used to inform traffic
participants about upcoming events like roadwork zones or accidents. This message includes
among other things information about the relewee zone of the event, utilization of lanes

as well as speed limits. Due to the increasing number of messages, the processing of these
message contents in a car is getting more complex and could not be managed in a detailed
way. To demonstrate at least ormeadworkzone scenario we prepared a straightforward
solution that can later be extended further for more complex use case analyses and studies.

In the baseline simulation the VuT has to merge into the remaining lanes whereby the
vehicle detects the upcomg roadworkzone with its own sensors.
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In the measure scenario the VuT is supported by the infrastructure avillENM message,
which informs the VuT about the upcoming roadworkszone 400 m before it starts. In this
scenario only the VuT is affected by thfilsSmessage. For both scenarios, the speed limit
along the roadwork zone is reduced to 100km/h and is indicated by the VMS for the
conventional traffic and as IVI message for automated vehicles.

In the following sections the results of the roadworkzonensc® analysis will be presented,

first describing the traffic parametrization and then the results for thean speedtravel

time, minimumtime gapand TTCas traffic specific KPIs. These specific KPIs were chosen to
understand the effect of the infrastructure messages on the traffic performance parameters
through a comparison between the baseline and the measure simulations. Please note that
the number of nerges and the distance to mergemetrics are ego vehicle specific
parameters, which describe the effect of the measure signal on the VuT alone.

Traffic parametrisation

In this analysis the same traffic flow parameters as in the scenario Bottler@okampis
used. Seehapter 3.2.1for the details. The levels of service (LOS) were calculated for the
motorway with 3 lanes without the roadworks zone (i.e., in the LOS calculation Se§ment
with the roadworks zone is not taken into account). Speicifcally eth&3S values represent
the traffic densities in the Segmefitand Segment, long before the roadworks zone, in
which the effects of the roadworks zone are not visible.
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The test site in Graustria, was used to demonstrate the three traffic scenarios:

- SC1.: Dedicated lane assignment,

- SC2: Roadworks, and
- SC3: Bottlenecks,

in real world operational conditions.

This was done by real world test and demonstration drives on the test track,tipectage
Deliverable focussing on these test is D.4.2.

Further two traffic control strategies have been implemented, namely the mainstream
traffic flow controller via VSL and the ACC parameters adaptation controller. The respective

Deliverable focussing dhese test is D.3.4.

4.1 Test Days on the Austrian Test side:

4.1.1 ITSG5 Communication Tests (May 2019)

Table4. Messages for the communication test

GITS Message GITS GITS | CGITS

Message Type| Dayl | Day2 Scenarios
Vehicle type and lane specific
speed recommendation for | IVIM X A
automated vehicles
Vehicle type and lane specific
speed limit for automated IVIM X A A
vehicles A
Lane recommendation:
Dedicated lane assignment
SAE level clearance for IVIM X A
automated vehicles, level of
automation
Short term road works warning DENM X
Lane specific time gap advice | IVIM X A
Long term road works warning
road works layer lane
recommendation: MAPEM / IVIM|  (X) X
Specification of new lane desig
in longterm road works zone
Basic hazardous location
warnings DENM X A
Awareness message about CPM X ﬂx K

existence of othevehicles/

28/05/2020
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Collective perception of object

on the road

Traffic condition (heavy rain) | DENM X A
GNSS correction data RTCM X A

As a pretest for the October Test (see next section), the INFRAMIX message set and some
additional Day 1 / Day 2 messages were tested on May 9, 2019 on the Austrian test track.
The partners involved were SIE, ATE, VIF and ASF. The base was located at the ASFINAG
highway maintenance centre in Graz Raaba (ABM Raaba). The test compiritieel

message sets as specified in Tadlevhich includes all messages which were identified as
relevant for the INFRAMIX projecthese tests were the first ones in whicHTS Day 2
messages were sent out and received successfully in Europe. détads about the tests

and the results can be found in D4.2.

4.1.2 October Tests

The October tests took place from Oct 07, 2019 to Oct 11, 2019 again with basecamp at the
ASFINAG highway maintenance centre Raaba (ABM Raaba). The aim of these tésts was
YAYAO GKS LbCw!alL- &O0SyINR2& |yR Ll2&adairofsS NBf
corresponding control strategies). This is laid out in detail in the following sections. The
YSaalr3asSa 2y 6KAOK (K2aS aY201 dzLlaé imteNsSt o6dzA f G 2
in May, so that these tests could focus on the mockups with stable message sets.

The test week was accompanied by attractive side events as the Stakeholder Workshop (see
Deliverable 6.10 and 52he ACstyria Business lounge atlte INFRAMIX aiceto-face

meeting. All those side events made it possible to present the INFRAMIX approach to a
considerable audience of stakeholders. Also, in all of those events, it was possible to join a

test drive of the €Roads vehicle of ATE. Participants who mask of this offer were asked

to fill in questionnaires for the user appreciation; approximately 30 (both in the ACstyria

Business lounge and the INFRAMIZrkshop)did so.

In the following an overview of the demonstrated scenarios is given. For furth@ailgle
about the tests the reader is referred to D 4.2. which contains a detailed summary.

4.1.2.1Scenario 1: Dedicated Lane Assignment (East loop)

Scenario 1 was sent out on the East loop of the test track in order to have longer segments
without on oroff ramps. As for all scenarios, a different message set was designed for each
driving direction.

SC1 UC2 was covered in Driving Direction 2 where there is the adverse weather condition
warning within the relevance zone of tid A
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Figure8. Dedicated lane assignment (DLA)
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4.1.2.2Scenario 3: Bottleneck (West loop)

We will first discuss the setup of Scenario 3 before laying out Scenario 2. The reason will
become clear in the following. SC3 was sent out on the West loopcdhesponding
bottlenecks are the oMNJ YLJA | NRdzy R 1Y mMyo®p d&Cf dz3KFFSyYy DNI
ramp that was used for the sumicroscopic simulations. The different possible control
strategies were addressed by sending out a distance gap adviceidriving direction, but

a lane change advice in the other one.

Figurell. Bottleneck

Driving direction West (DD1)

cccccccccccccc

Time gap advice
scs Q km 1826-1836 Wi
ersberg | o = _g \eye E
é -0 \ Speed limit

bei Graz

H 186 NEUPIRKA # km 182 185
% Knoten ), .
2 Grazwest g z
3 LEBERN % s
P 37 ®

Dorfla

@ . -
E K"n:/ NEUWIN SpEEd limit & H
(=) m Recommendation R

km 184-185

—

zzzzzz

28/05/2020 35 v1.0



INFRAMIX
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Figurel3. SC3 DD2 West loop

4.1.2.3Scenario 2: Roadworks (West loop)

Since control strategies for the roadworks zone (especially with lane drop) were identified to
be very similar as for the bottlenecks, the test setup for SC2civasen in a very similar way

as for SC3. When comparing Figure 12 to Figure 15 or similar Figure 13 to Figure 16 one can
see that they mainly differ in the additional roadworks warning which was added for each
driving direction. For indicating the roadwarkone, an IMIS trailer was used

Figurel4. Roadworks
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Figurel5. SC2 DD1 West loop
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Figurel6. SC2 DD2 West loop

4.2 Traffic Control Strategies:

A part of the Austrian test site (southound) was used for testing the implementation of the
traffic management strategieg.able5 presents the segmentation used for this purpose as
well as the location of the corresponding detectobeliverable 3.4 includes the input files
used by the API and the controllers while running the system as well as more detailed
description of the approach.

For the test ASF assured the aggregation in the required format and a push service to the SIE
serveron which the respective control strategies were implemented. This required data
conversion into the .json format required by the services and a strategy to aggregate the
sensor data in ongninute intervals. Further the VPN connection and the push setwitiee

SIE server had to be implemented and tested in order to assure the data flow and quality
required for testing the control strategies.

Table5. Segmentation and detector groups used for the Austrian test site

Segmentid  start finish length  detector id detector detector
(km) (km) (km) location (km) lanes
segment01 183.3 183.9 0.6 detectorO1 183.9 3
segment02 183.9 184.5 0.6 detector02 184.5 3
segment03 184.5 185.1 0.6 detector03 185.1 2
segment04  185.1 186.6 15 detector04 186.6 3
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Based on the information presented Table 5the layout of the Austrian test site used has
been prepared and is presented kigurel7. This section includes results that have been
produced using data from the 24of October 2019. This is, in fact, a typical day for the
specific area of the test site and, as discussed in D3.4, based on the data received from the
detectors, no congestion phenomena appear. As, based on TomTom historical data, there is
a higher proballity for congestion on Fridays, similar tests were performed on a couple of
Fridays without any congestion present at the bottleneck area (segment04). On the other
hand, congestion was present in some cases at segment03 and segment02 due to a spillback
from the offramp located in the area. It has to be noted at this point that congestion
phenomena that appear on motorways and are due to external factors cannot be treated
using local control actions and may require other types of control, e.g. demand
management, dynamic traffic assignment.

A detailed description of the method and results can be found in D3.4.

segment0l1 segment02 segment03 segment04

| .| |
| detector01 l detector02 o detector 3 detector04
183.3 3 lanes 183.9 3 lanes 184.5 2 lanes 5.1 3 lanes 186.6

Figure17. Layout of the Austrian test site used
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5. Evaluation Setup in reakorld Spanish Site

The Spanish test site is operated by Autopistas and utilized to test and validate
infrastructure elements and upgraded ITS services designed for assisting automated
vehicles, and for providing management capacities to control mixed traffic in different
scenarios. It is located along the Mediterranean Corridor, between Barcelona and the
Spanish/French border. It is 20km long with four main intersections and a 180m tunnel. The
highway with four 3,5m wide, and a median of 5m. Its internal hard shoulders nmeeasur

and external ones 2,5 m. The Average Daily Traffic (ADT) on the test site is estimated at
30.000 vehicles per day, and the default speed limit is 120km/h.
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Figurel8. Map of the Spanish test site
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The test site is equippedith traffic monitoring and communication infrastructure to enable
testing and evaluation of -OS solutions and applications for connected and automated
vehicles. The currently ITS equipments includes different types of VMSs, CCTV cameras,
Bluetooth antenms, magnetic sensors for traffic detection, and a weather station.
Communication is supported by both G5 short range systems and cellular
communication, in addition to a dedicated fibeptic ring network with 1GB bandwidth
capacity, connecting ITS dgments to the traffic management center.

In addition, for the INFRAMIX demonstrations, five pictograms were painted every 100
meters on the floor of the fourth lane of the test site to signal the start of a dedicated lane
for autonomous vehicles. Alsdjree vertical signals were installed to indicate the proximity
of the dedicated lane, and a fourth one to indicate its end.

Ramp
metering

“"’.225.2322212— Zautopistas
center

Magnetic

Video sensors

cameras

Q Traffic
monitoring
Traffic modeling
and simulation
’ C-ITS services
\ @ Traffic/roadworks

information

. Cé Incident
C-ITS G5 Variable management

antennas message
signs

Figurel9. Test site schematic design and functionalities supported

5.1 Sensinggommunication, and data management systems

The test site implements the INFRAMIX hybrid road infrastructure concept as defined and
RSAONAOGSR AYy 5HdmM awSljdzZANBYSyda OF Gt 23dzsS
implement this concept, the required sensing and communication systems were edstall
upgraded, or/and made available on the Spanish test Sitgese include the following
highway sensors and systems:
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4 Variable Message Signthe first is located at 1.5km from the beginning of the test
site, and the fourth a few hundred meters befoits end. The remaining two VMS
are located outside the tunnel and near one of the main intersections.

3 ITSG5 Road Side UnitRSUs) acquired and connected to the IMC, to send and
receive ITS5 messages to an FG5 On Board Units (OBUSs) installedehigles.

60 wireless magnetometer sensotthat count the number and speed of vehicles
per lane, and are able to discern different types of vehicles and the-giape
between them, as they pass on the highway.
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Figure20. Highlevel representation of the INFRAMIX hybrid road infrastructure concept

In addition to the hardware infrastructure installed and made ready on the test site, the
following digital infrastructure was integrated to conduct the tests:

I dzd 2 LIA & G | Q aememlEehtdr(TNIC) medeiyels faffic data from sensors in

reaktime and controls the content of the VMS dynamically. This is simulated by
Pdzi2LIAaGF Qa |1 dzo a8aiGSYX GKAOK AYydSaNI GSa
reaktime and is able to control the V#&Icontent.

The INFRAMIX Management CentédMC) acts like an extension of the TMC,
implemented as a separate module with réhe bidirectional communication with

the TMC. It estimates and analyzes traffic flows based on traffic sensor data and
other souces, implements the traffic control strategies related to a specific use case
and its settings, manages and exchanges data with the installe@3TRSUs and the
Cellular Experiments Server, and integrates data sources fromyihitgl services.

The Celllar Experiments Serverconsists of an experimental link that receives
messages from IMC, and relays them to an experiment mobile App installed in the
vehicle, via bidirectional communication. In addition, it interfaces with the backend
systems of vehicleesvices (in this case the BMW vehicle services Backend).
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- The BMW vehicle services Backenwhich communicates with IMC via the CES, and
provides data collected from BMW vehicles and relays messages to the vehicles in
reaktime.

5.2 Test vehicles and ceony configuration

A total of five vehicles were made available for conducting tests in the context of INFRAMIX|,
in order to implement the experiments designed for the project scenarios:

- A vehicle equipped with an I{& OBU for communication, and an Hir
visualizing the received messages and signs related to the active traffic control
strategies. This vehicle does not have any automation function or driving assistance.

- A second vehicle equipped with the latest automation functionalities didving
FaaAadlyoSs ¢KS @SKAOfS O2yySoOita G2 .az2Qa
communication devices to send data and retrieve individual recommendations (e.g.
fix a distance gap, adjust speed, or initiate a change of lane).

- 3 vehicles equipped with TomTom app that visualizes some of the messages and
signs (e.g. open/close lane, SAE level per lane, variable speed, and acceleration). The
app receives information broadcasted to all highway users, but does not guppo
individualized control strategied'hese vehicles also do not have any automation
function or driving assistance used for INFRAMIX scenarios.

With this fleet of vehicles, all different settings envisioned for testing and evaluating the
scenarios and use cases can be addressed.

. o
) BMW Navigation System Tom Tom Navigation System

Different communication services Vehicle motorcade during a test

Figure2l. Test site schematic design and functionalities supported
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The drivergrecruited to participate in the scheduled tests on the Spanish test side adhered
to the common recruiting criteria defined in the project, which states that subject drivers
should have no prior knowledge of thelTS systems involved in the tests, no prior
knowledge of the technologies developed in the project or similar projects, and should be
recruited from the public, to the extent possible.

IMC - CONTROL
STRATEGIES

Cellular Service Cellular Service
Provider (TOM) Provider (TOM)

ITS-G5 RSU

ol ol ol ol o

ITSG5-0BU TOMTOM TOMTOM TOMTOM

Figure22. Configuration of the test@ S KA Ot SaQ O2y gz &

5.3INFRAMIXTest scenarios andse cases experimental settings

¢tKS (Sadta O2ydSYLXFTGSR F2N) GKS {LIFyArakK GSai
scenarios: dynamic lane assignment, roadworks zones, bottlenecks, and their respective use

cases. In the imrest of demonstrating these three scenarios of the project, several

adaptations and extensions to the test site were made. The scenarios are defined in the

LIN2 2SO0 Qa wSIdANBYSyGa /FdFt23dzS 65HdmM0 | 2y 33
collectad data and obtained measurements, traffic management by vehicle type and level of
automation, and visual signage and electronic signals exchanged in each case.

Dynamig¢Dedicated)lane assignment scenaricaims to test the impact of introducing a
dedicated lane for autonomous vehicles on traffic flow, which includes acceptance and
appreciation of the new INFRAMIX road signs related to dedicated lanes displayed on digital
panels, vertical road signs, and ip@id road marking. The experimental settings of this
scenario consist of inducing a mixed traffic on normal multilane highway segments, without
tunnels, lane drops, or entry/exit ramps. A dedicated lane can be dynamically activated and
assigned in ordera reduce safety concerns related to interference of the circulating
automated vehicles with conventional traffic, while balancing the mixed traffic and
maintaining its throughput at a level comparable to current traffic throughput for
conventional vehicles
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Roadwork zones scenaricaims to evaluate how the infrastructure can help vehicles
navigate safety hotspots where the risk of accidents is accentuated by roadworks and onsite
staff activities. The experimental settings in this scenario introduce a tdwsure for
maintenance work on the highway. Efficient and safe guidance is then provided to mixed
traffic passing through the roadworks zone. In addition to using traditional visual signs and
other physical elements (e.g. cones), accurate informatioroisneunicated to automated
vehicles through electronic signals, and broadcasted to other vehicles that use it to update
their HDmaps and/or nomadic devices. The objectives center on using signage (on the
gantries, trolley on the hard shoulder, and-viehice display systems) to guide traffic
effectively and reducing security risks.

Bottlenecks scenarip investigates realime controllers such as dynamic speed limits,

dynamic lane assignment, merge assistance and ramp metering to manage mixed traffic
situations at bottlenecks and avoid degradation in traffic flow. In this setting, the highway

has a static capacity downstream and consequently the smooth flow of traffic cannot be

3dzZl NI yiSSR Ay KAIK (GNIFFAOD ¢KS agdffgienNA 2 Qa SE
types of bottlenecks, with different penetration rates of automated vehicles, in order to

assess how to improve traffic efficiency and safety (e.g. avoid deadlocks), by managing the
distribution of the vehicles across lanes in rBale, to mach a prespecified opportunistic

lane distribution schemes, depending on the traffic situation.

5.4 Procedures for conducting scenaispecific tests

In order to implement and evaluate the defined use cases, reference plans for each use case

were designd in collaboration with the partners. These are documented in details in D4.2
G5SY2yaidNr A2y LKIFaS FyR RIGL RSt AGSNE NBLRZNI
settings for a specific use case on the test site in order to perform the associated tests.

Ac@ NRAY 3 (2 GKS NBFSNBYyOS LIXIyaQ RSaAadayaszr GKS
specific order: First théTSG5 OBUequipped vehicle, followed by the BMW vehicle, and

then the three vehicles equipped with the TOMTOM app. The test convoy stattse

meeting point located at the toll gate of Girona Oest at the north end of the test site, and

drives south on the highway towards Barcelona. The convoy then loops back northwards at

an intermediate point selected according to use case being testatl stops at the starting

point. These settings sometimes varied to diversify the experimental settings.
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Figure23. Example of reference plans developed for Dynamic lane assignment

For Scenario 1, Dynamic Lafsssignment (DLA), the dedicated lane pictogram was painted
on the rightmost lane of the highway. Traffic information at lane level is gathered by the
array of installed magnetometers, and a fodlour VMS was enabled at the start point of

the DLA, iraddiion to the available and operational VMS, which are used to inform drivers
about the ongoing test on the highway. Some extra signage and signaling were displayed
during the tests as required by the Public Administration in order to guarantee safety. A C
ITS RSU withTSG5 has been enabled to provide communication and also validate the
hybrid communication infrastructure of the project. Communication with the vehicles are
managed at two different highway segments: The detection zone where vehicles rédueive
dedicated lane warning and additional messages; and the relevance zone where the vehicles
should have adapted with respect to the recommendations received.

For Scenario 2, Roadworks, traffic information is gathered in the same manner as in scenario
1. Information related to the roadworks that are taking place in the right lane is displayed in
several VMS in anticipation (Roadworks Warning and Speed Limit at 100 km/h), and a
trolley, equipped with an additional I9T&5 RSU, parked at the right shouldearms the
drivers of the proximity of the roadworks zone. With the objective of providing efficient and
safe guidance to traffic, accurate information is sent to automated vehicles through
electronic signals, and to conventional vehicles through guidanaa@nnomadic devices,

in addition to visual signs and other physical elements. Communication with vehicles is also
organized similarly to Scenario 1: In the detection zone, the vehicles receive information
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about the roadworks warning and additional megsa: and in the relevance zone, the
vehicles should have adapted with respect to the commands and recommendations received
previously.

For Scenario 3, Bottlenecks, the use of the infrastructure is relatively more intensive due to
the variety of applied aatrol measures on different vehicles to avoid traffic flow
degradation, while monitoring how the mixed traffic is responding. Communication with
vehicles is organized in a more elaborate ways compared to the previous two scenarios. Four
segments are defirgk(represented in the following figui24): Segment 4 is where the traffic
bottleneck happens; Segment 2 is located further upstream and is where dipgiedontrol

is applied; Segment 3 is used to accelerate and reach Segment 4; finally Segment 1dwas use
as a safety area that decreases speed limits gradually as vehicle approach the control area
(Segment 2).

Sgl
e 3

Figure24. Detection and Relevance Zones in Scenario 3

5.5 Evaluation and assessment activities

As shown in the previous subsections, the setup of the Spanish test site is capable of
supporting tests that demonstrate dgiirectional communication between infrastructure and
vehicles in real settings, and consequently validate the complete informatiain @mong

all actors. Moreover, the Spanish site has a good basis for conducting evaluations of traffic
efficiency (where microscopic models prevail), using the -lzemed data collected in real

time, offering a detailed description of the behaviour ohiades in mixed traffic situations.

The provided traffic data includes rei@the information regarding the number of vehicles,

the speed of each, time gap between vehicles on each lane, and type of vehicle. The data is
d02NBR Ay | thset dih stardgaisgsted f 2 dzR

LY |RRAGAZ2YS | ff GSada INB F2tft26SR o0& ljdzSad)
reactions to and opinion about the evaluated infrastructure developments (new visual signs,

wireless messages recommendations, etc.) in releviving situations under real traffic
aSidAy3ad 9@rftdz 6SR AYRAOFIG2NA 2F (GKS 2@0SNI ¢
include comprehensibility, controllability, intuitiveness, learnability, willingness to use,
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perceived usefulness, andmected impacts. In order to crosslink the user appreciation with

0KS dzaSNna oF O] aANRdzyRE RIGIF gl a O2tt SOGSR 2y
expertise, age range, etc.
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6. Evaluation Setup in reakorld: Hybrid Testing

The detailed description of the Hybrid Testing can be found in Deliverablzefndnstration
phase and data delivery reporthis is a short summary for a better understanding of this
document. The evaluation setup for Hybrid Testergbarced a software aha hardware

part. On software side, for simulation modelling and for Hybrid Testing, two map files
(OpenDRIVAEle and SUMO net file) of the proving ground were required. To start mapping,
a local reference measurement was done at OAMTC. Previous pvegektshowed that a
rectangular measurement of two straight road segments delivers satisfying results for the
modelling requirements. After the measurement, the OpenDRiEwvas created semi
Fdzi2YlFGAOFEt& o6l aSR 2y h LIS yHgurdls $hdws thedtest | Y R
area as satellite picture and the corresponding SUMO net file. The results from the reference
measurement was then used to properly scale and verify the drawn OpenfiiRI\MEnce

the open drive file is generated, the SUMO net file cancbeated. Therefore, SUMO
provides a converter. It enables the conversion of open drive files directly into SUMO net
file.

to 30koh
Figure25. Hybrid Testing Mapping: Manoeuver Zone Satellite Picture & SUMO net file

The simulation framework was parametrized for different scenarios, which are described
later in this deliverable. The parametrization needed to be prepared and tested in an office
environment (submicroscopic cosimulation) before conduction real world test.
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As lined out at the beginning of this section, a software and a hardware part needed to be
prepared. On hardwareside, some hard ware components needed to be integrated to the
test vehicle. In the developed Hybrid Testing solution, a-lifmlautomated veltle (AV),
which is a generic automated drive demonstrator and development platform from VIF, is
used. The automated driving function, is arhmuse developed SAE Level 3 ADAS function
with lateral and longitudinal tracking as well as lane change decisagmabilities (i.e.,
Motorway Chauffeur or MWC) enabling the AV to have adaptive cruise control (ACC), lane
keeping assistance (LKA) and trajectory planning (TP) functionalities.

O Long-range Radar

O short-range Radar RTK-GPS
Novatel ProPak 6

Q© Camera (NVidia) r,___

© Camera (MobilEye)
O Lidar
© GPS Antennas 4x Camera

(100° aperture angle for 360°)
O Gps-IMU
2x Camera
(60° aperture angle for long range)

MobilEye

@

4 x Short Range Radar
Continental ARS408

2 x Long Range Radar
Continental ARS408

1 x Lidar
Velodyne VLP-16 4

Figure26. Virtual Vehicle ADemonstrator vehicle and additional perception sensors

The Ford Mondeo MY2016 AV test vehicle with a hybrid powertrain utilized for the Hybrid
Testing implementation along with the additional -board sensor hardware is seen in
Figure B. Among the indicated sensors KFigure B, only the dual antenna RIBPSis
utilized in the scope of the Hybrid Testing. The test vehicle also has many computational
hardware for the implementation, where most of the development ECUs are installed at the
trunk of the vehicle. The trunk layout is shownFigure Z below where mmbered items
indicate the specific components. Of primary importance in this list is the DataSpeed CAN
interface which enables the access to the-lmyard vehicular sensors and controls of the
vehicle. Using this interface, the throttle, brake and steedsgvell as other parameters can

be controlled using a secondary ECU. The data rates for the control specific parameters
provided by the DataSpeed CAN interface can be se€abite6.
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.| dSpace MicroAutoBox-II (ds1401) realtime ECU
.| PC Nuvo — 7006 E-PoE PC

.|Dataspeed CAN and Power distrubution interface
.|Network switch

.|W-Lan Router

.|Power inverter (DC-AC)

.|USB Multiplexer

|Aurix Safety Gateway

.|Nvidia Drive PX2 ADAS PC

.|HDMI Multiplexer

.|High Precision RTK-GPS (Novatel ProPaké)
.|Inertial Measurement Unit (Novatel IMU-IGM-51)

Figure27. Ford Mondeo Ademonstrator computational hardware at the trunk compartment

Table6. DataSpeed CAN data and the corresponding data rates

Feature | Ford Fusion
Platform FORD CD4
Initial release date Oct 2015
Throttle control frequency 50 Hz
Brake control frequency 50 Hz
Steering control frequency 100 Hz
Steering angle control Yes
Steering torque control No
Gear shift control (PRNDL) Yes'
Turn signal control Yes
ULC (speed control) Yes
Individual wheel speeds 100 Hz
3-Axis accelerometer 100 Hz
Roll and yaw rate gyro 100 Hz
Parking SONAR sensors 5 Hz
Tire pressures 2 Hz
GPS 100 Hz

The test vehicle also houses a dSPACE MicroAwblds1401) real time ECU that runs the
ADAS functions in real time based on the provided sensor data froboard sensors as

well as the simulated one from the @mulation platform. The ADAS functicias ACC, LKA

and TP are implemented in MATLAB/Simulink and later exported to C++ code, that is
automatically generated by the MATLAB/Simulink embedded coders to run on the dSPACE
MicroAutobox real time hardware. So, the ADAS functions running on the Mitybéx

ECU send driving commands to the actuators through the DataSpeed CAN interface so
control the vehicle. In oder to reveicelTS messages, an OBU/RSU was mounted on the
vehicle during tests.

For the evaluation, described later in this deliverablee described hardand software
components then had to interlock intelligently during testing.
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7. Evaluation Results

The impact on safety and traffic efficiency is mainly evaluated by the means of simulation.
However, the results from thdriving campaigns have close connection.

The evaluation also regards for communication flows of the designed INFRAMIX system.

7.1 Impact on Safety

C2NJ GKS !1'dAGNARIY NRIFIR FYyR Y2G2NBlIe y[Bis2N] (K¢
issues an annuaccident report. Based on the accident numbers of the past years there are

some general remarks that should be noted before looking in more detail into the INFRAMIX

related numbers.

In general, accident numbers on the motorway are considerably lower thathemower

level road network, only about 6% of the road accidents happen tfiEdE This shoulde

kept in mind as our baseline when comparing accident numbers in the following, where we
will only speak of the percentages of accidents onrti@orways.

7.1.1Potential analysis based on accident statistics

Before looking deeper into the different types of accidents, it is worth discussing the so

OFftf SR aadzalLJSOGSR NBlFazyaé¢ FT2N G§KS | OOARSyGo®
relies o the assessment of the authority (typically a police officer) recording the accident.

This statistic shows clearly that the vast majority (over 75%) of accidents is related to
inattentiveness/distraction, insufficient safe distance and inadequate choicepeed. A

timely additional information via-CTS INFRAMIX messages can very likely address the issue

of inattentiveness and there are INFRAMIX concepts, for example, addressing the safe
distance. On the other hand accidents which would require driver itaong, such as

medical problems of the driver or drugs and alcohol related accidents can not be addressed

by the INFRAMIX approach.
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Figure28. Presumed causes of accidents on the ASFINAGiebadrk. Note that starting fron2018 the bar at

boAlK2dzi RSGFIAf&ADH R2S& y2 f2y3aSNI SEA&G RdzS G2 | OKlFy3asS i
ASFINA®Gletz 2018 Wien, Stand 09.07.2019; study conducted on behalf of ASFINAG Service GmbH by KFV

Sicherhe#Service GmbH KVI]
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7.1.2. Impact assessment approach

In a workshop held by partners BMW, VIF, ASF and SIE it was decided to follow an impact
assessment approach based on nine basic impaechanisms. Ae basis for the

mechanisms was the nine safety impact mechanisms of intelligamsport systems of

Kulmala (2010) which were adapted from the mechanisms formulated by Draskéczy et al.

(1998)

The purpose of these mechanisms is to ensure that the assessment covers systematically the
AYGSYRSR YR dzyAYyGiSYRSRY RYRBEO2yBYRSNYRANBIOOE &
dza SNE bsgrR Tiese nffemhanisms should be used for all impact areas of AD studies.

[11], [12]

The 9 mechanisms are defined as follows:

1. Direct modification of the driving task, drive behaviour or travel expegen

2. Direct influence by physical and/or digital infrastructure

3. Indirect modification of AV user behaviour

n® LYRANBOUG Y2RAFAOFINGAZ2Y 2F y2ymndzaSNI 6 SKI @A 2 dzN
p® az2RAFAOFIGAZ2Y 2F AYyGSNIOGA2y 06SiGoSSy ' +a | yR
6. Modification of exposure / amount of travel

7. Modification of modal choice

8. Modification of route choice

9. Modification of consequences due to different vehicle design

A further mportant point addressed in these papers is, that mechanisms should be

OPdPBYy2yn 2GSNIFLIAY3IT FyYyR FffnAyOf dzaAdSs APSo>
(preferably) only one mechanism. In cases in which an impact falls under two (or more)
mechanisms, it is preferable to select the most suitable one.
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Safety Mechanism

Description

Inframix relevance (EffedDescritpion, if any)

1. Direct modification of the
driving task, drive behavioul
or travel experience

Related to the change of driving process, actions, habits and ¢

INFRAMIX comes from eawtside, see Nr.2

2. Direct influence by
physicaland/or digital
infrastructure

Scenario 1: By creatingzedicated lane a change in TTC/mean spead
can be observed

Scenario 2: RWZ: By sendinlS messages a head of Roadwork tail
the amount of destroyed trailer shall decrease.

Scenario 3 Bottleneck: Hypothesis: less critical situations in measur
simulation compared to baselie simulation

Direct influence by roadside systems mainly by giving informa
and advice. Without the possibility to control driver action or th
vehicle directly, the impact of this influence is more limited thal
of thein-vehicle systems. In other aspects the impacts are sim
as the ones described in mechanism 1.

Non SC/UGpecific influence:
"General hazadours warning" with great potential: rear end collisons
onto standing or moving vehicles are more than 40% (more than 50
RW?2) of the accidents.

Especially dangerous (according to ASF) are rear end collicions inv
trucks. The higher damage by a truck is unquestionable, however, A
and official numbers do not show a higher accident risk of trucks sin
the vehicles >3.5t represent roughl®% of the traffic, but cover 15% ¢
the mileage.

Coverage of camersystem oft he ASF network: Tunnels 100% (by la|
Whole network about 66870% Permanent >80% in principle. Technolc
for automatic detection of standing vehicles is being currently tested
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3. Indirect modification of
AV user behaviour

INFRA

3.Indirectmodification of user behaviour in many, largely
unknown

ways. The driver will always adapt to the changing situation. T
behavioural adaptation and will often not appear immediately
after a change but may show up later and it is very hard to pre
Theindirect modification is more loagrm than the very
direct, shortterm reactions to the system in mechanisms 1 andg
2. Longterm behavioural adaptation may appear in many
different

ways (for example, by reallocation of attention resources,
by change of @adway in a car following situation, by change of
expectation of the behaviour of other road users). This adaptal
may frequently be due to delegation of responsibility of the
driving task partly or totally to the system, which the drivers
have learnt tarely

An driving mode impact on modal shift Impact is possible (human dr
vs. automated).

Inframix V2X offers the potential of an extended ODD eg. more
automated drivingThe Safety layer still lies in the vehilce.

4. Indirect modification of
nontuser behaviour

This type of behavioural adaptation is even harder to study
because it is often

secondary. Nowequipped drivers may for example change their
behaviour by imitating the behaviour of equipped drivers (for
example, driving closer or faster thirey should, not having

the equipment). These effects are often evident at the traffic fl
level.

The authors of the paper referred to argue that Naser are drivers
who are not recieving the inframix messages.INFRAMIX aims to pro
the messages to hlisers .(also ncaonnected via VMS). Also in
simulation all cars are informed via VMS.

There, we aregue is no NQiser
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5. Modification of
interaction between AVs
and other roadusers

+ What are the impacts on
interaction (communication,
resolution of encounters)
between

the AV and other road users
(on links and in
intersections)? E.g.,

+ Between connected AVs
+ Between connected AV ar
connected notAV

+ Between AV and non
connected vehicles

+ Between AV and other roz
users

+What are the impacts of
the new

INFRA

Modification of interaction between road users. ITS will changg
the communication between equipped road users. This chang
of communication may also influence the traditional
communication

with nonequipped road users. To a large exttis

problem may appear in the interaction between drivers and
unprotected road users.

Real World tests would be highly interesting. However, the penetrat
rate of Connected and Connected Automated Vehicles is still too loy
Simulation Study:

+ Human Driver: driver changes lane for cooperative driving

+ ODD expansion: more %age of automated driving mode
(Human/automated split, also see 3)

+ Highly country dependent

6. Modification of exposure
/ amount of travel

Modification of road user exposure by for example information
recommendation, restrictions, debiting. This mechanism cover
only changes in the amount of travelling, i.e. whether the road
user decides to make more or less, or longer or shorter, trips ¢
to the system. This is an important mechanism for the safety
effects as changes in exposure affect the expected number of
crashes, injuries and fatalities

For a better supported Highway Pilot:
+ Longer Distance Trips (Workaholic Use Case)
+ MoreLeisure Trips
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7. Modification of modal
choice
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Modification of modal choice by, for example, demand restrair]
(area access restriction, road pricing, area parking strategies)
supply control by modal interchange and other public transpor
management measures, travel information systems. Different
travel modes have different accident risks, therefore any meas
which influences modal choice, has also impact on traffic
safety.

The Inframix usecases focus on passenger vehilces on motorwags.
modes of moblilty like trains, planes or public transport is not within
scope of inframix.

8. Modification of route
choice

Modification by route diversions, route guidance

systems, dynamic route information systems, hazard warning
systemamonitoring incidents. Different parts of the road netwo
i.e. different categories of roads, have different accident

risks, therefore, any measure which influences route choice by
diverting traffic to roads of different category, has also impact
traffic safety. Note that route changes also affect exposure, ar
the exposure changes due to the route changes can be taken
account either under this mechanism or mechanism 6.
Dynamic navigation and route guidance systems aim to guide
the users to their dstination via the quickest route, which will
result in route choice modifications.

BMW developed an ABRouting that avoids TOR (for example at RW
This function only works on paralell Highways, which are not existir
Austria.

9. Modification of accident
consequences

Modification of accident consequences by intelligent injury
reducing

systems in the vehicle, by quick and accurate crash reporting
and call for rescue, by reduced rescue time.

Several systems have been shown to afafety via this
mechanism. To give one example, the expected impacts of thg
European automated #aehicle emergency call system, i.e. eCg
were studied on the basis of the case reports of road accident
investigation teams in Finland.

No impact as INFRANMhas no influences onr@all(already Stat of the
art) and on the corridor for emergency vehicle access..

28/05/2020

56 v1.0



I
i
The patrticipants of the workshop went through the different mechanisms discussing the
INFRAMIX impacts on each of them as shown in Taliler each mode the interpretation in

the context of the project and the relevance for INFRAMIX was discussed. Rglithei
approach to select the most suitable mechanism for each impact it was identified that the
INFRAMIX approach mainly tackles mechanism 2, and that all INFRAMIX impacts discussed
are therefore most suitable to mechanism 2 or if in doubt can be padpn mechanism 2

rather than on an other one. Tabléalready brakes down the influence onto the different
INFRAMIX scenarios but also the impact of the INFRAMIX approach higosgecific
scenarios.

7.1.3 Analysis on the Impact of Safety from a Saficroscopic Simulation
Perspective

When evaluating safety related to a traffic, ideally, real accident data is utilized to analyse
the baseline situation. However, in the scope of the project INFRAMIX, traffic scenarios
involving mixed automated and convent@nvehicles at various penetration rates are
analysed, and therefore there is no suitable baseline data available. This is due to the simple
fact that there are no, and if exists at all, a very small number of automated vehicles on real
roads. Therefore,isulation models need to be built to analyse the baseline situation so
that an assessment of the effect of new control strategies can be made. Of particular
interest is the assessment of the number of crashes in such rtigéit scenarios.

In analysinghe number of crashes as a means of assessment for traffic safety for mixed
traffic flows, suitable proxies (or KPIs) must be used to measure how many vehicles are in
critical situations. This is required since microscopic orrmigroscopic traffic simutaon
framework implemented in the scope INFRAMIX project cannot model vehicle crashes and
specifically their resulting possible effects on the traffic fldWwerefore, we need to resort to
specific KPIs to make conclusion on the safety. Two possible &Rldbéen considered for

the assessment of safety from the perspective of-mibroscopic simulations:

1. Timeto-collision (TTC),
2. Amount of strong braking actions.

Timeto-collision(TTC) is a common measure to characterise critical situations in microscopic
traffic simulations. Amount of strong braking manoeuvres on the other hand quantifies the

necessary control action to maintain the required distance between two vehicles, and

therefore is also considered as an alternative KPI in this study.

The number of vehicles in critical situations are weighted results in accident probabilities. In
the end, the statistical probabilities of the baseline and measure simulations have to be
compaed to arrive at a conclusion about the effect on the traffic safety. In the following
subsequent sections both KPIs from the perspective ofmigdboscopic simulations are
described and the obtained results are discussed.
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7.1.3.1 TTC as a safety KPI

In analysingraffic conflicts and safety, TTC is proven to be an effective measure for rating
the severity of traffic conflicts and for discriminating critical from normal behaviour. The
direct use of TTC as a criterion for decisioaking is also a common practicethe traffic

control domain. Based on this background, TTC was also a natural choice for a measure or
KPI for the assessment of critical traffic situations in microscopic anemgsubscopic
simulations. In such simulation studies, TTC must be calcutatddevaluated out of the
history of relative vehicle positions for every microscopic traffic object (i.e., vehicles) during
the simulation.

A good presentation of TTC values for a specific time span is the cumulative frequency as
shown in seen in th&igue 29 below.

A

1=

Prabability
distribution

% ,

1 4
TTCins

Figure29. Cumulative frequency of TTCs

In figure B, the blue curve denoted as the functiog(x) depicts the cumulative frequency of

all TTC values of the baseline simulation (i.e., the simulations without new infrastructure or
control measures). The green curve denoted as the functidr) is the cumulative
frequency of all TTC values of the measscenario (simulation with a new infrastructure or
control measures, e.g. a speed advice sent via an IVI message). The following formula for the
current safety proxy based on TTC, denoteKB$r describes the cumulative relationship
between these twodinctions and a weighting functia(x).

VOO I ="YYB®DYYS @ YYSQYY6

Here z(x) is a function dependent on the TTC, which weights the sum of these Integral
operator is used to obtain a cumulative correlation with the number of accidents. Since the
real functionz(x) variationis not known with certainty, a simple approximatiorused. The
utilized approximation utilizes a threshold TTC value denotell&s, and is defined below.

v PEBYYO "YTYO
= YYO yYs YUY
7.1.3.1.1 Calculation of TTC in SUMO

Sumo usesSSMfiles to record critical TTC events. These events belong to situations when
the TTC is below a usdefined thresholdSumo always calculates the TTC of two individual
vehicles that are strictly on the same lane. This also applies to the situation when tw
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vehicles drive sidby-side on the same lane. This can, for example, happen during an
overtaking manoeuvre. The same situation is often observed in the case of motorcycles since
they are very narrow, and they can usually overtake a car without necgsshahging the

lane. Therefore, TTC values involving at least one motorcycle (i.e., one road vehicle and one
motorcycle) which drive next to each other on the same lane are not considered in the
following evaluation. Since the percentage of motorcycleshan simulated traffic is very
small, then this exclusion has minimal effect on the overall result.

Regardless of the exclusion of motorcycles in the evaluated traffic, due to the close offset of
vehicles during a lane change as depicte&igure30, the built-in TTC report in SUMO can
result in an unrealistic ratio of TTC values that are either too small or zero. Therefore, this
required the implementation for calculating the TTCs below a certain threshold, based on a
selfdefined function as part of theo-simulation framework. In doing so we use the lateral
offset (omse) @s shown inFigure 30, which is the gap between the vehicles involving
overtaking manoeuvres for every conflict event. If the gap is more than -agirthreshold

then yerset calculdion is ignored for the KPI evaluation.

The lateral gaposet threshold values were also varied at threshold levels of 0.2m, 0.5m, and
1m. For 0.2m the counts get very low and the curves are not useful. Between 0.5 and 1m
there are less differences. In the engy: threshold of 0.5m was used for the evaluation.

Figure30. TTC when overtaking and the lateral offset definition used for TTC calculations for critical events

7.1.3.1.2 Evaluation based ofKPrc

In this subsection, th&Ptrcsafety KPI evaluation with a threshold of level of <3 seconds for
the TTC is shown and discussed. In what follows, the corresponding results frem sub
microscopic simulation analysis is reported in subsequent plots ffigure31 to Figure &

for varying traffic density levels (i.eLOSLevel of Servigeare given. All the results
correspond to the bottleneck scenario (S083), where the vehicle under test drives on an
onramp to merge to the main motorway (see the deliverable B2 LJS tioh BAA O

{dzo YAONRAO2LIAO {AYdZ  GA2YE F2NJ | RSGIFIAfT SR RSa
figureswe give the whole cumulative frequency variations of the TTCs on thkdaft side,

and the zoomeebut variations up to 3 seconds in the in insettbe righthand sideThese
cumulative probabilities are evaluated through the weighting curve. It can be observed that
the weighting curve is one as long as the TTC is below 3 seconds, and afterwards it is zero.
During the development of the KPI, it wagpected by intuition that the cumulative
frequency of the baseline (indicated with blue curve) will be higher than the cumulative
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frequency of the measure scenario. But it can be seen in the figures below, that this is not
always the case.

LOS A LOSA

Baseline Baseline =
M: Speed Advice 1 09 r M: Speed Advice 1
M: Lane Change Advice M: Lane Change Advice

e o

cumulative frequency
cumulative frequency

0.5 1 1.5 2 25 3 0 1 2 3 4 5 6 7 8 9 10
TTCins TTCins

Figure31. TTC as Safety KPl, BOTTLENECK onramp,-fsr LOS

In Figure31, the evaluation of TTC for L®Ss illustrated. It is observed that the cumulative
FNEBIljdzSyde 2F (GKS ¢¢/ @FfdzSa 27F G #mSsage$sl & dzZNB 4
higher than the cumulative frequency of the baseline TT@®s means that there is a higher

risk of an accident. On the other hand, the cumulative frequency of the TTCs of the measure

aAYdzZ FGA2ya sAGK aflyS OKsedudrfly be RiGrprédeslasar & f 26 S
lower safety risk. It can be noticed that there are large (or rough) steps in the cumulative

frequency curves, which indicates that there are too less counts contributing to the

evolution of the curves.
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Figure32. TTC as Safety KPl, BOTTLENECK onramp,-r LOS

In Figure32, the results from sudmicroscopic simulation analysis for TTC with -BOS
RSLIAOGSRd ¢KS OdzydzZ  APS FNBIljdzSyodoe 2F ¢¢/ & 72
significantly far away from the curve of the baseline simulation. Due to the smaller number

of contributing events it is difficult to make a statement weather it is an improvement or

y2i43x YSIyAy3a (GKFrdG Ad Aa AYyRSOAaA@Sd Ly GKS Ol
cumulative frequency of the measure simulation is lower, which is an indicatorrfor a
improvement for this traffic density.
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Figure33. TTC as Safety KPI, BOTTLENECK onramp,-for LOS

In Figure33, corresponding to the TTC evaluation for KQSt can be observed that the
cumulative frequency of the TT@sthe case of the baseline is lower than the cumulative

FNEIljdzSyde 2F GKS ¢¢/a 2F (GKS (g2 YSIadaNBE aodoSyl

message is clearly higher. This would indicate that the measure scenarios lead to a decrease
in the levelof safety. But again, the rough steps demonstrate that there are only small
number of events contributing to these results, and that a definitive statement regarding
safety cannot sufficiently be made on a good basis.
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Figure34. TTC as Safety KPI, Bottleneck onramp;ELOS

In the case of LOB traffic density, where the results are giverFigure34, the curve of the
cumulative frequency of TTCs of the baseline simulation is higher than the curve of the
measure simulations. This is an indicator for an improvement due to the measure signals
AyOf dzZRAY3 dGaLISSR | ROAOSE | yakes that InffaSruct@r& I y 3 S
messages can improve safety, as measured by the TTC at high traffic densities.
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Table8. TTC as Safety KPI, Bottleneck, onramp scenario, evaluation results overview

SC3UC3, Bottleneck, Onramp
T wn [ s | e | _or |

KPI'I'[[ 3,Speed Advice -52.8 % -1.2 % -14.4 % 6.6 %
KPITI'C 3, Lane Change Advice 22.1 % 29.2 % -2.7 % 4.8 %

SC3UC3, Bottleneck, Onramp
T wn [ s | e | _or |

KPlrrc 3 speed Advice -52.8% -1.2% -14.4 % 6.6 %
KPlrre 3, Lane change Advice 221 % 29.2 % 27 % 4.8 %

Table 8contains an overview of the TTC as a safety KPI for the onramp scenario. As a final
remark, it can be concluded that TTC as a safety criterion is not indicating clear trends, at
least from the perspective of sumicroscopic simulations, which is mainly dwethe low
number of contributing TTC events.

The obtained result can be strengthened if a similar analysis can be done with sufficiently
long simulation duration and utilizing a sufficient number of vehicles, implying higher LOS
values. Given these onean then make a more clear and realistic observations and
conclusions based on the simulative results. In the next section, we do same analysis utilizing
the same driving scenario (SO&3) but utlizing an alternative KPI based on the
guantification of energency breaking events.

7.1.3.2 Brake rate as a safety KPI

One of the characteristics of the efmlowing models in SUMO is the aspiration to keep a
safe distance to possible leading vehicles. This implies that vehicles tend to brake very often.
Therefore, it is obvious that the number of braking events can be used for the assessment of
safety traffic situations. This implies that, the higher the number of braking events can be
correlated with critical driving conditions and such situation canclaessified with higher
traffic safety risks. This is represented with the following expression, whelenotes the
cumulative number of events for which the longitudinal accelerations below the
threshold valuen .

A S

The relative improvement of traffic safety can be derived by a comparison of a baseline and
measure scenarios, where baseline implies the passive traffic and the measure with
infrastructure messages involving traffic advices. Therefore, the number oftudiml
accelerations above a certain threshold value can be determined in both situations. We
denote number of brake events above a certain threshold withnd cu corresponding to
baseline and measure scenario, respectively. The relation betvegeemnd cu yields the
second safety KPI value that we denote asd#éRlfollows
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7.1.3.2.1 Calculation of brake rate in SUMO

Since the acceleration values are not provided directly by SUMO, these values have to be
calculated from the FCD (Floatirgar Data). Therefore, it is obvious to calculate the
acceleration by differentiation of the velocity for every car in the simulation. As expected,
numerical differentiation has some negative side effedigure % shows an extreme
exampleacceleration data obtained from SUMO FCD clearly indicating unrealistic high peaks
and oscillations. Besides the numerical calculation errors, SUMO specific characteristics at
junctions as well as further uncertain effects are contributing to these urstéali
acceleration values. For the sake of completeness, it should be mentioned that the
simulations are conducted with sampling rate of 100 ms.
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Figure35. Example single vehicle acceleration data obtained from SUMO

Accelerationsignals such as those iRigure % cannot obviously be used for further
evaluations, particularly for the safety assessment. Therefore, an approach must be applied
to obtain more realistic signals such that counting accelerations above a certain threshold
makes sense. In general, filtering is a common approach to get rid of undesired peaks,
outliers and oscillations in signals. Therefore, the next step was to find appropriate low pass
filter parameters as well as a threshold for counting acceleration valbese it.

Firstly, different investigations related to filter order were made. This investigation shows
that high filter orders lead to overshoots and to multiple counts of acceleration peaks
(oscillations). Therefore, a filter of order one was chosansimplicity. Secondly, different
cut-off frequencies were investigated. This was done together with an study of a suitable
threshold. The cubff frequency was varied from 0.5 to & and the threshold frorl0 to

-2.5 m/s2. As an example, the resulttbé evaluation for LO& can be seen fRigure 36.

The following formula is improved by taking the number of vehicles into accous) (N
contrast to the former one. Additionally, the average over the total number of experiments
(Nexp) iscalculated.
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After some experimentation, it was decided to use a first order low pass filter with a cut of

frequency of 1HzD

¢tKS

FAEGSNI g1 &

LILX A SR Ay

al Gt o

represents a zerphase forwarebackward filtering methodThis choice leaglto cz and cu

indicated inFigure 36.

7.1.3.2.2 Evaluation based oiKPgr
In the followingTable &

iKS NBadz Ga

27

GKS TFTANRAIG

Y S| &dzNB

are summarized. It is observed that the count of strong brake events has decreased, which is
an indicator that the safety has increased in this scenario. In comparison to the results in
TTC, brake rate analysis have more considrenids.
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Table9. Brake rate as Safety KPI, Bottleneck, onramp, speed advice

SC3UC3, Bottleneck, Onramp, Speed Advice
7S TS T T

0.88% 2.05% 2.90% 3.00%
cM 0.86% 0.89 % 1.96 % 2.57%
KPlag speed Advice 2.7% 56.5% 32.3% 14.3%

hy GKS O2yiNIXNEBX Ay GKS OFrasS 2F (KS asoz2y
lane changel RGA OS¢ GKS O2dzyd 2F &aGNRy3I oNIF 1S
summarized inTable 10 The reason, therefore, is the increasing number of lane changes.
The benefit of the lane change advice is, that the rightmost lane is free for merging vehicles
coming from the onramp. On the other side, this comes at the cost of a signification increase
in the number of lane changes causing more strong braking events

Table10. Safety KPI, Bottleneck, onramp, lane change advice

SC3UC3, Bottleneck, Onramp, Lane Change Advice
R [ 2 Y s B

0.88% 2.05% 2.90% 3.00%
cM 9.14 % 17.06 % 20.08% 14.91 %
KPlgg, Lane change Advice -932% -733% -592% -397%

7.1.4 Conclusion for the safety analysis from suicroscopic simulations

The presented analysis is based on a study originating froamsctoscopic simulation
framework and focuses in particular on two distinct KPIs that can be used to draw
conclusions regaidg safety of baseline and measure scenarios. Clearly, the presented
results represent a proedf-concept methodology, which can be extended and further
developed.

From the obtained result, it can be concluded that the number of experiments has a big
influence on the results, which is strictly restricted in gnigroscopic simulation due to size

of the map data and the number of traffic objects available in simulation. Especially, the TTC
as a KPI sulmicroscopic simulations perspective represents alleimge. The reason is the
behavior of the car following and the lane change models in SUMO, and since these always
tend to keep a safe distance to a lead vehicle. This fact itself, makes it statistically very
difficult to get a reasonable number of TTAues below a specific threshold when the
number of experiments is low. While the experiments and the corresponding results do not
indicate clear trends, they may also represent the safety risk by introducing new control
technologies aiming at reducing aesyific problem. This is illustrated Figure 37 where
introducing certain preventative techniques can lead to new accident risks. This in our
analysis can be observedHKiPég where we observed significant increase in this parameters
gKSY afl yROANKSey S a A dadzSRO
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Accidents without Technology Accidents with Technology

Accidents without Technology
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risk
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Accidents with Technology

Figure37. Introduction of technology vs. change of accident risk

The safety conclusions presented here can be strengthened and extended in two clear ways:

1. Perform a similar analysis in microscogimulation, where TTC frequencies are
persistently excited and higher levels of traffic density can be modelled.

2.V GAEATS GKS ¢a/ O¢CNIXFFAO aSaalkasS /SyaNBo i

speed advice and lane change advice) using feedback ¢ontro

Therefore, the obtained result can be strengthened if a similar analysis can be done with
sufficiently long simulation durations and utilizing a sufficient number of vehicles, implying
higher LOS values. Given this, one can then make a more cleagalistic observations and
conclusions based on the simulative results.

7.2Microscopic Simulationgmpact on Traffic Efficiencgf Bottlenecks

7.2.1Adaptive cruise control parameters adaptation

The existence of cars equipped with Adaptive Cr@isatrol (ACC) systems is now a reality,

and their use tends to expand in the near future. The ACC systems enable drivers to adjust
the desired maximum speed and the desired tigap to the leading vehicle when following
slower vehicles. The ACC systems hapgutomatically the appropriate acceleration or
deceleration of the AGSlj dzA LILISR @SKA Ot Sz o6FaSR 2y (KS
measurements. The ACC systems are mainly designed to increase the driving safety and
comfort, thus some conservative vakidor the ACC system settings may be used, i.e.
comparatively large timgaps and low accelerations. Such conservative parameter values,
however, may eventually lead to the degradation of the static and dynamic road capacity
compared to conventional manudriving vehicle traffic. The higher the percentage of the
ACCvehicles (penetration rate), the more pronounced will be the influence of their driving
modus on the overall traffic flow.
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In contrast to the vast literature on ACC and CACC (Cooperative ACC) systems, which focuses
on the design, functionality or architecture of these systems, there is a comparatively small
number of works which investigate the impact of ACC and CACC systetredfiz flow.

These works aim to capture the impact of ACC on traffic flow under different settings
(mainly different timegaps) and penetration rates, using either microscopic simulation or
macroscopic approaches. General conclusions that may be dnasm these studies are

that: (i) ACC systems have the potential to improve or deteriorate, depending on their
settings the traffic conditions compared to the case of conventional manually driven
vehicles; and (ii) the level of the influence is closely eslab the ACC penetration rate.
However, these studies do not systematically examine how the ACC settings should be
specified.

A simple but effective AGGased control strategy has been presented in deliverable 2.5,
which aims to adjust in real time theC& settings of equipped and connected vehicles based
on the prevailing traffic conditions. The main philosophy behind the proposed concept is to:
() leave the AGEettings untouched at their driveselected values if traffic flow is clearly
under-critical so as to limit interventions only to traffic situations that call for efficiency
increase; and (ii) change the AE&ltings gradually as appropriate to improve the flow
efficiency when critical traffic states are imminent or present. The proposed caitedbgy

is only dependent on redime information about the current traffic conditions and is
actually activated only when, where and to the extent needed.

For the presentation of the control strategy, consider a motorway with both mandailgn

and AGvehicles. The AG&hicle drivers may introduce their desired ACC system settings,
i.e. desired speed,, and minimum timegap, T,, but these settings are subject to change if
the control strategy recommaets or orders different values. The motorway is considered to
be divided into segments, and the traffic management centre applies the proposed control
strategy at every motorway segmemt=1,2, .. independently, as illustrated irigure38. In
particular, at every period (or control interval), the strategy receives reéime
measurements of the exiting flowy, and mean speedy of every segment;i. This

information may be obtained through conventional spot detectors. Trapgsed strategy
has two goals which are presented below.

Strategy
Parameters

l Vi1

| ACC-based Control Strategy

ACC

selfings

Connected qi Vi
ACC vehicles

Figure38. lllustration of the AGBased control strategy operation for a segment i
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The first goal (Model 1) is to determine in real time the time gaps of the ACC vehicles that
lead to the increase of the static and dynamic road capacity, where and when it is needed.
To achieve this, the strategy gradually decreases the suggestedjimevhen traffic flow is
within certain bounds. In particular, the strategy calculates the suggestedgapeas a
function of the current segment flowr[q(R], as shown irFigure39(a). This function implies

that, as long as the segment flow is low (ig¢¢Q), the maximum timegap, T, ., IS
suggested, since traffic is not ociil. Beyond this lower limit, as the flow increases, the
strategy gradually decreases the suggested tgap value, while for high flow values (i.e.
g 2 Q) the strategy suggests the minimum tirgap T, ., . Note that the suggested timgap
value is reduced to the minimum value before the flow reaches the nominal capacity of the

segment. In this way, the strategy aims to delay, or even prevent, the formation of
O2y3S&aiAz2ys o6& YI ERAY kdpdcity.at stibaldyb® dlgo nateld Shat h& I Y Sy (i Q:
adopted functionT[q(R] of time-gap versus flow must be decreasing, but can have any

form deemed appropriate, e.g. deliver only a (high or low) number of discrete-gape

values, rather than éing continuous, as the stepwise function showmiijure39(b). It is easy

to realize that in this case, higher numbers of discrete gap values would lead to more

frequent but less abrupt gap changes for the advancing -#&fles. If, despite the

intended capacity increase, the segment becomes congested (e.g. due to even higher

arriving demand or due to a shockwave arriving from downstream), then the strategy

releases & operation at the congested segments, by suggesting the maximumgame

T.... for safety reasons. The suggested thyep will be applied only if it is lower than the

individual time gap setting. The above control decisions are suimagthiby the following
equation which determines the suggested tirgap,

frea(® aif v(K¥ e @

1T else

max

T

stg,

wherek=1,2. .., is the discrete time index, andcong indicates the congestion limit. The

control strategy decisions are calculated at the IMC ane disseminated to the AGC
vehicles, e.g. via V2| communication. To avoid possible oscillations, the flow measurements
are sufficiently smoothed before being use

T, (s) (a) T; (s) 4 b
T max T max
T min \ i T min i :
0, 07 Qe G (veH/h) 0, 05 O G (vel/h)

Figure39. Calculation of the suggested tirgap value using: (a) a linear, or (b) a stepwise function

The second goal (Mode 2) of the proposed control strategy is the maximization of the
discharge flow during congestion at the location of active bottlenecks (dynamic capacity). It
is empirically known that the discharge flow at the head of a congestediareaver than

capacity, and the second goal is to mitigate this capacity drop. The strategy first identifies
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the location of active bottlenecks. More specifically, if two consecutive segmerktsand i,
have a speed difference higher than a thresheld, and the mean speed, (k) of the
downstream segment is higher than the congestion speed, , while the mean speed of

the upstream segmenty, ,(k), is lower thany

cong’

are located just upstream and jusb@nstream of the head of a congested area, i.e. that an
active bottleneck has been identified. The discharge flow at the congestion head can be
increased by suggesting the minimum tigap T, applied by ACC vehicles driving within

this indicates that these two segments

n

the two mentioned segments. These extended control decisions are implemented via the
following relations:

Ifv, (K) >V, andv,, (K <v,,  ands{ B vi( k g 2
then Tstgvi ( k) = -I;in (2)
andetg,i— 1 ( k) = -Ir;ﬂn

To avoid possible oscillations or false alarms due to moving shock waves, the speed
measurements are sufficiently smoothed before being used.

The suggested timgap T, for each control period is determined §§) and (2). The £G

vehicles receive the suggested tirgap, but they apply it only if their individual tingap
setting, T, ., is higher than the timgap calculated by the controller, i.e.

I— min{ Tip T } ©)

where j=1,2,.. is the AC@ehicle index within segment. Note that the frequency that

the advancing ACG@hicles update their timgap settings may be higher than at every
control intervalt, due to crossing of section boundaries, unless the broadcasting of centrally

calculated timegaps is only effectuated strictly every.

A software tool has been developed within WP2 that implements the control strategy in a
generic way. The strategy has now been evaluatsidg the cesimulation environment for

the Spanish test site utilizing realistic demand profile for the mainstreamdadaa synthetic
demand for the most downstream emmp. The full population of vehicles includes the
following groups:(slow/fast) cars (vehicles), trailers and motorcycles. The user is able to
easily modify the penetration rate for CVsofiventional vehiclg) CCVs cpnnected
conventional vehiclesAnd AVsdutomated vehiclesamong all vehicles. CCVs and AVs are
assumed to be equipped with ACC systems. fuggested timeagap is applied according to

(3) by the AVs and the CCVs. AVs apply the suggested values, if needed, immediately while
CCVs apply them with a deladl configuration parameters for the controller are given by
the user through an input file.

Apat from the no-control scenario, four control scenarios are defined using various
penetration rates for each one of them: two scenarios with time gap adaptation applying
only the first goal (capacity increase); and two scenarios with time gap adaptatmyirap

both goals (capacity increase and discharge rate increase). Ten replications are conducted
for each scenario and for each penetration rate for a simulation horizon of 3 hours. Each
replication has the same average demand profile and the same mdaasvéor all vehicle
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related parameters.

For each scenario and each penetration rate, one replication with results close to the
average result of the ten replications is selected for presentation in the followlihg.
simulation results demonstrate thahe proposed strategy improves the motorway traffic
flow efficiency significantly, even for low ACC penetration rates, compared to the case
where the AC@quipped vehicles are driving with their initial, default ACC settings.

7.2.1.1 Scenario 0: Na@ontrol

For theno-control scenario, vehicles are using a range of different default-gaye values.

These are 1.1 sec for slow CVs and CCVs, 0.9 sec for fast CVs and CCVs, 1.4 sec for slow AVs
and 1.4 for fast AVSablelipresents the average (over all replications) vehicle delay for each

one of the groups of vehicles as well the weighted mean over all groups for all penetration

rates (CMCCVAV)considered. Itcan be observed that an increase of the penetration rate

for the ACC equipped vehicles, i.e. for CCVs and AVs, leads to an increase of theigletays.

40 presents thespeed contour plots, considering various penetration rates, for the no

control case.lt can be observed that the conservative tigap values lead to a strong
congestiornproportional to the penetration rates.

Tablell. Vehicle delay for the reontrol case

Penetration Rates
Vehicle Delay (s)
94-4-2 85-10-5 70-20-10 55-30-15 30-45-25
AV 95.3 116.0 142.7 165.7 215.1
o CCvV 141.1 145.0 163.3 181.9 221.8
o
8 CT 29.0 29.3 39.6 48.9 81.3
% CvVv 141.8 144.9 162.9 181.8 221.8
Motorcycle 98.6 100.2 123.1 129.5 181.6
Weighted Mean 132.8 135.3 152.4 170.1 210.4
Speed (km/h) Speed (km/h)
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3 3
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Figure40. Spatietemporal diagrams of speatbnsidering various penetration rates for the-cantrol scenario

7.2.1.2 Scenario 1: Time gap adaptation for Mode 1 with, =1.0s

In this scenariotime gap adaptatioris applied utilising only relationd) and(3) in order to
achieve the first goal of capacity increase. The control strategy is activated gwe3ys,
receiving reatime measurements of flow and speed for every segment of the motorway.
Exponentially smoothed measurements have been used iderorto avoid possible
oscillations or false alarms.

The parameters involved in the strategy equations are set as follaws:=5s0km/h,

Vo
T.,=1.0s, T =1.4s, Q =1200veh/h/lane, Q =1800veh/h/lane. The strategy calculates

the suggested timgap T, using astepwise function with 3 steps andilues from the range

[1.0, 1.4] s. The AGRhicles receive, every simulation step, thel NI 4§ S3&8 Qa RSOA&A?2
update their individual timegap setting.

Table12 presents the vehicle delay improvement for each one of the groups of vehicles as

well for the weighted mean over all groups for all penetration rates considered. It can be

observed thatthe control strategy achieves significant improvements, especially for high
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penetration ratesFigure41 presents the speed contour plots, considering various penetration
rates. It can be observed that congestion has been removed, especially for high penetration
rates.

Tablel2. Vehicle delay improvement over the-cantrol case for Scenario 1

Penetration Rates
Vehicle Delay Improvemen
94-4-2 85-10-5 70-20-10 | 553015 | 304525
AV 9.6% 9.2% 19.7% 25.5% 39.9%
@ ccv 4.0% 5.8% 14.9% 22.5% 37.7%
2l
8 CT 4.7% 1.3% 26.2% 29.5% 59.9%
& cV 3.6% 58% | 14.8% | 22.4% | 37.6%
Motorcycle 6.1% 12.0% 24.3% 31.0% 51.9%
Weighted Mean 3.8% 5.9% 15.6% 23.1% 39.0%
Speed (km/h) Speed (km/h)
0 0
1 1
2 2
3 3
_— 4
E s §, 5
g 8 5
g 8 g 8
o 9 o 9
g 10 g 10
- 1 = 11
§ 12 § 12
s 13 © 13
214 214
15 15
16 16
17 17
18 18
19 19
Time (h) Time (h)
94-2-2 85105
Speed (km/h) Speed (km/h)
1
2
3
_ 4 -
Es g
8 5 8
o 9 o)
510 5
= 11 £
$13 IS
514 2

Time (h) Time (h)

70-20-10 55-30-15

28/05/2020 72 v1.0



{
|
(! b INFRAM|X

Speed (km/h)

O~NOOOAWN-=O

Distance from entrance (km)
=

Time (h)
30-45-25

Figure4l. Spatietemporal diagrams of speed considering various penetration rates for Scenario 1

7.2.1.3 Scenario 2: Time gap adaptation for Mode 1 with =0.8s

This scenario differs from scenario 1 as a smatieimum timegap, T,,, =0.8S, iS now

utilised.

Table13 presents the vehicle delay improvement for each one of the groups of vehicles as
well for the weighted mean over all groups for all penetration rates considered. It can be
observed thatthe control strategy achieves significant improvements, especially for high

penetration rates These improvements are higher compared to Scenario 1 (se€iglsais
for abar chart representation of delay improvements for all scenarios).

Figure42 presents the speed contour plots, considering various penetration rates. It can be
observed that congestion has been removed, especially for high penetration rates. Also, the
speed values are a bit higher compared to Scenar{gek alsorigure 47 for a bar chart
representation of harmonic speed improvements for all scenarios).

28/05/2020 73 v1.0



|
| | QU INFRAMIX

Tablel3. Vehicle delay improvement over the-cantrol case for Scenario 2

Penetration Rates
Vehicle Delay Improvemen
94-4-2 85105 70-20-10 | 55-30-15 | 304525
AV 15.3% 17.6% 31.7% 40.2% 53.2%
o CCcv 8.0% 14.1% 26.3% 36.1% 51.2%
o
8 CT 6.8% 10.3% 35.3% 40.6% 65.8%
g Cv 6.0% 12.2% 24.7% 34.6% 50.2%
Motorcycle 8.0% 19.6% 37.9% 45.9% 64.7%
Weighted Mean 6.2% 12.7% 26.0% 36.1% 52.0%
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Figure42. Spatietemporal diagrams of speed considering various penetration rates for Scenario 2

7.2.1.4 Scenario 3: Time gap adaptation for Mode 2 with, =1.0s

In this scenario, timgap adaptatioris applied utilising relationfl), (2) and (3) in order to
achieve both goals, i.e. capacity increase and discharge flow rate increase. The additional
parameter o, was set equal to 10 km/h. All other settings are those used in Scenariol.

It should be noted that, wit these parameter settings, the conditions employed in relation
(2) identify the active bottleneck promptly and robustly.

Table 14presents the vehicle delaynprovement for each one of the groups of vehicles as
well for the weighted mean over all groups for all penetration rates considered. It can be
observed thatthe control strategy achieves significant improvements, especially for high
penetration rates These improvements are higher compared to Scenario 1, where only the
first goal of capacity increas€Mode 1) was applied (see alswyure 45 for a bar chart
representation of delay improvements for all scenarios).

Figure43 presents the speed contour plots, considering various penetration rates. It can be
observed that congestion has been removed, especially for high penetration rates. Also, the
speed values are a bit higher compared to Scenar{get alsorigure47 for a bar chart
representation of harmonic speed improvements for all scenarios).
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Tablel4. Vehicle delay improvement over the-cantrol case for Scenario 3

INFRAMIX

Penetration Rates

Vehicle Delay Improvemen

94-4-2 85105 70-20-10 | 553015 | 304525
AV 10.1% 11.2% 21.5% 31.1% 43.2%
- Cccv 4.3% 7.4% 16.6% 27.5% 41.2%
% CT 5.3% 8.8% 31.5% 44.5% 67.8%
o cv 3.9% 73% | 165% | 27.3% | 41.1%
Motorcycle 6.5% 13.9% 26.7% 37.2% 55.5%
Weighted Mean 4.1% 7.6% 17.4% 28.3% 42.5%
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Figure43. Spatietemporal diagrams of speed considering various penetration rates for Scenario 3

7.2.1.5 Scenario 4: Time gap adaptation for Mode 2 with, =0.8s

This scenario differs from scenario 3 as a smatieimum timegap, T,,, =0.8S, iS how
utilised. Table 15 presents the vehicle delay improvement for each one of the groups of
vehicles as well for the weighted mean over all groups for all penetration rates considered. It
can be observed thahe comtrol strategy achieves significant improvements, especially for
high penetration ratesThese improvements are higher compared to all previous scenarios
(see alsariguress for a bar chart representation of delay improvements for all scenarios).

Figure44 presents the speed contour plots, considering various penetration rates. It can be
observed that congestion has been removed, especially for high penetration rates. Also, the
speed values ara bit higher compared to all previous scenarfsse alsarigure47 for a bar

chart representation of harmonic speed improvements for all scenarios).

Tablel5. Vehicle delay improvement over the-cantrol case for Scenario 4

Penetration Rates

Vehicle Delay Improvemen
94-4-2 85105 70-20-10 | 553015 | 304525
AV 15.7% 18.6% 33.0% 44.1% 54.6%
. Cccv 8.1% 15.0% 27.3% 39.9% 52.6%
% CT 8.2% 13.7% 39.1% 52.3% 71.2%
?9: CV 6.1% 13.1% 25.8% 38.5% 51.6%
Motorcycle 8.3% 20.9% 39.6% 50.6% 66.4%
Weighted Mean 6.4% 13.6% 27.2% 40.1% 53.5%
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7.2.1.6 Some concluding remarks

Up to this point only delay improvements have been presented in tables for all groups of
vehicles.Figure 45 presents a bar chart representation of delay (weighted meaer all
groups) improvements for all scenarios. Similar positive conclusions can be drawn by looking
at the corresponding values and improvements for a lot of other performance indexes. As an
example Figure46 presents a bar chart representation of average travel time (weighted mean
over all groups) improvements for all scenarios, whilgure 47 presents a bar chart
representation of harmonic speed improvements for all scenarios. At this point we need to
note that improvements reported for lower penetration rates are low due to the fact that
the controller has to handle easier cases with lesgyestion observed in the corresponding
no-control scenarios. In all cases, congestion phenomena are removed.

All the above simulations and the corresponding conclusions have been produced assuming
that ITSG5 communication is achieved using enough RSUsadble full coverage of the
motorway (1 RSU per segment (~500 m) placed at the beginning of each segment). For
Scenarios 3 and 4, i.e. using Mode 2 for the controller, and for the highest penetration rate
(30-45-25) we run the ten replications again assugimid coverage of RSUs (1 RSU per 4
segments (~2km)) and low coverage of RSUs (1 RSU per 10 segments (~5km)). This will add a
small delay in the application of the control decisions, but as the frequescy of control
changes requested per segment is lowisiexpected that the detioration of the efficiency
improvement will be very small. Indeed, for Scenario 3 the weighted mean delay over all
replications improves by 42.5% over the-cantrol case when full RSU coverage is used,
while the improvement is 409 and 40.2% when mid and low RSU coverage is used,
respectively. For Scenario 4 the weighted mean delay over all replications improves by
53.5% over the neontrol case when full RSU coverage is used, while the improvement is
53.0% and 50.6% when mid amvl RSU coverage is used, respectively. As a result, we can
conclude that there is no need for full coverage of the motorway with RSUs and that even
with a cost that is 10% compared to the case of full coverage the controller is abe to achive
significant inprovements.

A simple but effective AGGased control strategy has been applied in this section. The
strategy aims to adjust in real time the ACC settings of equipped and connected vehicles
based on the prevailing traffic conditions achieves great restsl especially when low time

gaps are suggestgd: . =0.8s)while it achieves very good results even when the tga@s

suggested are a bit highém,  =1.0s)and comparable the values used by manually driven

in

vehicles.
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28/05/2020 79 v1.0



L | IIlI"""" INFRAMIX

60%
50%
40%
30%
20%
10% H Scenario 2

m Scenatrio ]

Scenario 3

Vehicle Delay
Improvement

0% - m Scenario 4
94-2-2 85-10-5 70-20-10 55-30-15 30-45-25

Penetration rates (%)
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Figure47. Harmonic vehicle speed improvement bar chart for all scenarios

7.2.2. Lane Change Advice

Bottleneck locations can be motorway merge areas, areas with a particular infrastructure
layout (such as lane drops, strong grade or curvature, tunnels or bridges etc.), areas with
specific traffic conditions (e.g. strong weaving of traffic streams) oasawith external
capacityreducing events (e.g. woizones, incidents). If the arriving demand is higher than
the bottleneck capacity, the bottleneck is activated, i.e. congestion is formed upstream of
the bottleneck location. It should be emphasised, hoee that, according to empirical
investigationg19], capacity flow in conventional traffic is not reached simultaneously at all
lanes. The findings of the latter investigations are in agreement with findings of the TUC
group that developed the controllegiscussed in this section. Thus, traffic breakdown may
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occur on one lane, while capacity reserves are still available on other lanes. This implies that
the potentially achievable crodane capacity is not fully exploited. Naturally, once
congestion appea on one lane, it spreads fast to the other lanes as well, as drivers on the
affected lane attempt to escape the speed drop via lane changing. After congestion has
occurred, retarded and different vehicle acceleration at the congestion head causes-the so
called capacity drop phenomenon, which breeds a reduction in the mainstream flow of a
motorway, while congestion is forming upstream of the bottleneck location.

Lanechange control (LCC) is a promising new straf@@y, [21] that can be exploited for
traffic management providing larehange advice (LCA). The bagial of LCC is to achieve a
desired distribution of vehicles among the lanes in the immediate proximity of a bottleneck
location e.g. motorway merge areas, areas with a particular infrastructure layout (such as
lane drops, strong grade or curvature, tunsi@r bridges etc.), so as to exploit the capacity
of each and every lane, thus increasing the overall (diarss) capacity. To this endinear
state feedbacKeedforward control law resulting from an appropriate linemguadratic
regulator problem fomulation, has been is developed and is presented in Deliverable 2.5.
The considered system under control comprises a number of interacting sedamerst
upstream of the bottleneck; while the feedback control law computes adequate lateral
(lane-changing) fiws for each segmedane to be implemented by equipped vehicles, thus
enabling an opportune, prspecified distribution of traffic flow among the lanes. More
specifically, the feedback control law uses +dale measurements of the state of the
system, ie. of all segmentane densities, as well as of the external demand and is targeting
appropriate prespecified sepoints of lanebased traffic densities.

The LCC law delivers every 10 sec "macroscopic” lateral flows that have to be applied within
the nextcontrol step in order to achieve the optimal result. These lateral flows correspond
to the number of vehicles moving from larjeto lane j+1 when positive, or the number of

vehicles moving from lang+1 to lane j when negative. For application to a microscopic

simulation environment, these lateral flows are translated to lane change advicdse(teft
and to the right) to be communicated within the following control step to an appropriate
number of connected vehicles (CCVs or AVs) in each sedamenthat are used as actuators
for these decisions. For low penetration rates of connected vehitlesly be necessary to
use all equipped vehicles within a segmdante, while in high penetration rates it may be
enough to use only some of them. Lane changing movements by theqgpped vehicles
are considered to be a disturbance for the controllhich is however rejected thanks to
the feedback nature of the regulator used.

A software tool has been developed within WP2 that implements the control strategy in a
generic way, while some preliminary results are presented in Deliverable 2.5 usingeh mod

in AIMSUN. The strategy has now been evaluatgidg the cesimulation environment for

the Spanish test site utilizing realistic demand profile for the mainstream andymthetic
demand for the most downstream em@mmp. The full population of vehiclascludes the
following groups:(slow/fast) cars (vehicles), trailers and motorcycles. The user is able to
easily modify the penetration rate for CVsofiventional vehicles) CCVs cpnnected
conventional vehiclespand AVs qutomated vehiclesamong all veldles. AVs apply the
suggested advices immediately while CCVs apply them with a delay. Of course, lane change
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advices are applied only if this is possible considering all other safety related checks
performed by the simulatorAll configuration parametersol the controller are given by the
user through an input file.

Apart from the necontrol scenario presented already in section 7.2.1, a control scenario has
been defined for every penetration rate considered. Ten replications are conducted for each
scenario and for each penetration rate for a simulation horizon od&# Each replication

has the same average demand profile and the same mean values for all welatdel
parameters. Unfortunately, these investigations were not successful in improving efficiency.
We have tried dozens of different spbints per lane aithe area of the bottleneck, i.e. the
merge area of the third omamp (segment 30), and we finally concluded that when
congestion is activated at this area, i.e. at segrdane 301, capacity flow has already been
reached quassimultaneously at all laree As a result, there are no capacity reserves to be
exploited by the controller.

Figure 48 presents aggregated flow, average density and average speed trajectories at
segment 30 for a specific replication with a penetration rate forGDWAV equal to 315

25. Congestion is activated about 50 min after the start of the simulation (see the related
speed drop and density increase) and leads to a capacity drop that iingd the
throughput of the system. If we now look at the flow trajectories per lane for the same
segment (see-igure49) we can conclude that lanes 3 and 4 are carryiagy high flows,
reaching values of some 2300 veh/h and 2500 veh/h, respectively, well in advance of the
congestion onset. At the same time, lanes 1 and 2 are carrying lower values of flow, that are,
however, around capacity as these lanes are mostlysatll by trailers which are quite
longer compared to cars and, as a result, occupy considerably more space. The distribution
of flows per lane is the same for all replications considered and is, unfortunately, not in
agreement with observations of real datamany different motorways around the world. At

this point, we should note that if we try to use higher density set points per lane in an
attempt to get even more flow being served on the fast lanes, then congestion is first
activated there. As a resultlye can conclude that there are no capacity reserves at the fast
lanes and that the LCC controller is not able exploit any such possibility. In the following
section we will discuss why the distribution of flows per lane is similar even for the case of
mainstream traffic flow control leading to similar difficulties when trying to combine the use
of VSL actions with LCC.
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Figure48. Flow (smoothed flow), density and speed trajectories at segment 30 for {bentimlscenario with a
penetration rate (3&45-25)
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Figure49. Flow (smoothed flow) trajectories at segment 30 and lanes 1 (bottom) to 4 (top) for-twntrol
scenario with a penetration rate (3b6-25)

7.2.3Mainstream traffic flow control

Variable speed limits (VSLs) displayed on roadside or overhead variable message signs
(VMSs) in response to prevailing traffic conditions is an increasingly popular motorway
traffic control measure. Till recently, the maiartjeted impact of VSLs was enhanced traffic
safety as a result of the homogenisation of speeds of individual vehicles and of the mean
speeds of different motorway lanes which reduce the accident riskl3h it was shown

that VSL can be used in order to create a temporal or even a permanent flow decrease and,
as a result, they can be used by a control strategy in order to regulate the outflow of a
motorway area.

The main purpose of mainstream traffic flow control (MTFC) is to enable the mainstream
traffic flow that is approaching areas with particular infrastructure layout, e.graomp
merges, mainstream largrops or other bottlenecks, to take values that willoa the
establishment of optimal traffic conditions for any appearing demgt&], [17] This can be
achieved using VSLs as actuators and a control strategy that maintains the density at the
bottleneck area around a sfoint that can be set equal to the ddal density, i.e. the
density that corresponds to the capacity of the bottleneck.

MTFC actions are employed at an area upstream obtitdenecklocation, leaving enough
space for the vehicles to accelerate within theceleration areaand reach the boteneck

with increased speed avoiding (or delaying) congestion activation and the related capacity
drop phenomenon; thus higher outflow is achieved (seeire50). Of ourse a controlled
congestion is formed at théTFC application are#hat spills back further upstream.
Appropriate VSLs can be applied theBafiety areq in order to ensure a smooth reduction

of speed and a safer vehicle approach to the MTFC applicatiea. This controlled
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congestion is significantly reduced in space and time compared to the congestion created in
the no-control case and has higher internal speeds due to the increased outflow (capacity)
values. This also leads to less blocking cfarfips and hence further improvements on the
motorway.

VSLs can be displayed on appropriately located VMSs and/or can be communicated to
connected vehicles according to their current location on the motorway. Such a VSL message
can be used either as émard hformation to be applied manually by the driver or as an
order to be applied automatically by AVs. It is expected that, for a sufficient penetration of
equipped vehicles, this will be sufficient to impose the speed limit to-equipped vehicles

as well; ence, no VMSs would be necessary. Nevertheless, the use of VMSs is suggested in
order to properly inform the drivers of vehicles that are not connected.

MTFC Acceleration

Safety Area Application Area Area Bottleneck
Congestion — g
Gn—®  tail moves 4]
upstream
A
VSL
Pout
PI - P

Figure50. The MTFC concept

A Proportionalintegral (PI) feedback regulator, presented in Deliverable 2.5, is employed for
MTFC, keeping the bottleneck density close to the selected sedoint A& using real time

measurements of/ [18]. The sefpoint is typically selected around the critical density

value, at which capacity flow is achieved at the bottleneck locafitwe. time periodr for
updating decisions is set equal to 60 s. MK value delivered by the control strategy at

time k is truncated to remain within a range of admissible VSL val66s130km/h. As
discussed above, the VSL value is displayed at a VMS located at the beginning of the MTFC
application area/segment and/or is sent for application to all aaiad vehicles that are
located in the same area/segment. Upstream of the MTFC application area there is a VSL
safety area (divided into one or more subareas/segments) where speed limits are also
applied (gradually increasing from a segment to the upstreama) to ensure a smooth
reduction of speed and a safer vehicle approach to the MTFC application area. Furthermore,
downstream of the MTFC application area, an acceleration area follows where an increased
VSL is employed in order to allow a quick recowdrigigher speeds by the vehicles so as to
avoid the capacity drop and maximize the bottleneck throughput.

Some VSL practical implementation aspects are taken into account. The VSL obtained from
the regulator is rounded before its application to the closest value of a set of predefined
discrete values (130, 120, 110, 100, 90, 80, 70, 60 km/h). Furthermorediffieeence
between two consecutive VSL values received by VMSs and/or connected vehicles in an area
of the motorway is limited (e.g. t8 20km/h), so as to avoid abrupt speed changes. Also, the
difference between two VSL values at consecutive areas/segments at the same control
period is limited (e.g. to 20 km/h), as often required in practice, in order to achieve a safe
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approach of vehicles wiin the safety area.

A software tool has been developed within WP2 that implements the control strategy in a
generic way. The strategy has now been evaluatsidg the cesimulation environment for

the Spanish test site utilizing realistic demand proél for the mainstream and aynthetic
demand for the most downstream eramp.

At this point we need to note that the use of VSL within a range of vdb@sL30lkm/h

leads only to temporal flow (outflow of the MTFC area) reductioorder to hold back some
vehicles and avoid congestion at the bottleneck. The temporal flow reduction leads to
density increase at the MTFC area. If we observe the data per lane for the MTFC area, we
can conclude that the temporal flow reduction is stronder the slow lanes compared to

the fast ones. Also, the microscopic SUMO model used by thstnadation environment

has the tendency to perform lane changes towards the fast lane, especially within the
acceleration area (segment 29 at the current setlingd the bottleneck area (segment 30).
This is possibly due to the parameters used after the necessary calibration of the model for
the realization of the capacity drop phenomena. These lane changes towards the fast lanes
have as a result high flow valuks the fast lanes at the merge area and no capacity reserve

to be exploited by the LCC strategy.

7.2.3.1 Analysis of Infrastructure requirements for Variable Speed Limit Control

The MTFC strategy requires that vehicles receive information on speed livhich are
variable and change dynamically according to the decisions of the controller. This
information can reach the vehicles in two ways: first, variable message signs are placed
along the highway with a sufficient coverage, or second, the vehiclesiviee speed
limit/speed advice information via V2X messages, e.g. IVIM. While the latter is a more
advanced technique for future implementations, the former is already implemented on most
of the highways. The main question here is, how many variable s|wéd need to be
placed along the highway so that the controller still works in a sufficient way. In this analysis,
two configurations will be virtually tested with the AP7 Girona scenario and compared with
each other:

1. For each segmentf the test site, me VMS is pla at its entry.This very dense
configuration allows to address the vehicles very early as soon as the controller
changes a speed limit. Therefore, this configuration is expected to have the

maximum effect on efficiency. This configuratién i O Full & OAy dzLJO2 YAy 3

figures and tables.

2. Onlyfor few segmentsa VMS is placed #te segments entry. Those segments have
been chooen wisely according to the needs of the controller. For eaghrop, five
VMS are required: one for thraerge area of the omamp, one for the actual control
area which is placed about 1 km upstream, and another three VMS for implementing
safety areas which reduce the speed limit slowly one after another towards the
actual speed limit in the control area, @mnder to avoid unsaféraking maneuvers. In
total, five VMS are facedbetween two orrampsalong the test site following this

5O0KSEYSD CKAA O2 FeWwNVMRIZNE yi A @002 WA D ¢ T S RdzMB &
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In addition to the actual speed signs, which ased to reach conventional vehicles in order

to control their speed, connected conventional vehicles and automated vehicles receive the
control decisions via IVl messages as speed advices. Those vehicles react according to the
sent advices as proposed ir2B. Automated vehicles treat speed advices as speed limist
and will follow them once received. Connected conventional vehicles can react on the speed
advices as well, but can also miss or ignore received advices. Furthermore, they have a
certain delay bedre they react on speed advices. The complete model is decribed in
Deliverable D2.3.

7.2.3.2 No-control cases as baseline for the analysis

Next to the presented VMS configurations, a no control case is simulated having only static
speed signs and no control deoiss at all. For four different penetration rates (0%, 5%,
10%, 25% AVs) different wamp traffic is configured. This decision has been made in order
to compare onlythe situations in which the VStontroller works best. By reducing the
amount of addition& onramp traffic with higher penetration rates of AVs, the level of
congestion is kept almost the same throughout this specific analysis. The following speed
contour plotsin Figure 5lare generated for each of the penetration rate configurations in
the no control case (for one specific random seed):

Penetration Rate: (880-5)

Penetration Rate: (100-0)

OnRamp Traffic: 1500 veh/h OnRamp Traffic: 1300 veh/h
Penetration Rate: (720-10) Penetration Rate(35-45-25)
On-Ramp Traffic: 1250 veh/h On-Ramp Traffic: 1050 veh/h

Figure51. Speeds over time on the test site for different penetration rate configurations of tbentml case
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