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ABSTRACT

Automated vehicles are expected to have a substamipact on traffic flow efficiency, safety levedmd
levels of emissions. However, Fields Operationat§esuggest that drivers may prefer to disengage
Adaptive Cruise Control (ACC) and resume manualtrobrin dense traffic conditions and before
performing manoeuvres such as lane changing. T@salled authority transitions can have substhntia
effects on traffic flow. To gain insight into thestfects, a better understanding is needed ofllagionships
between these transitions, longitudinal dynamicgetiicles and behavioural adaptations of drivers.

In this context, a driving simulator experiment waget-up to gain insight into the effects of
authority transitions between ACC and manual dgwim longitudinal dynamics of vehicles. Particigant
were assigned to one of three conditions randoimighe control condition, participants drove maiydh
the first experimental condition, a sensor failwas simulated at a specific location after whicivets
were expected to resume manual control. In thergkegperimental condition, drivers switched ACC off
and on pressing a button whenever they desired.

Statistical tests indicate that the distributiohspeed, acceleration and time headway signifigantl
differ between the three conditions. In the firsperimental condition, the speed drops after thsae
failure and the time headway increases after tberelfiionary re-activation of ACC. These resultsiséz
be consistent with previous findings and suggeat #guthority transitions between ACC and manual
driving influence significantly the longitudinal dgmics of vehicles, potentially mitigating the ecieel
benefits of ACC on traffic flow efficiency.

Keywords Authority transitions, Adaptive Cruise Controkiving simulator experiment, longitudinal
driving behaviour.
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INTRODUCTION
In recent years, interest in automated vehiclessgstbms supporting the drivers in their contrekthas
increased. Automated vehicles are expected to aaignificant impact on traffic flow efficiency, fesy
levels and the environment. These vehicles, inquéar those that can show cooperative behaviaer, a
expected to reduce congestion levels because thefielp to increase road capacity, anticipateficaf
conditions downstream and increase the outflow faoqueue [1].

The introduction of automated vehicles on publad®is likely to be gradual: the functionalities of
automated systems are introduced through interrigediaps. SAE International [2] defines the diffeére
levels of automation as follows:

. Level 0: manual driving;

. Level 1: driving assistance;

e Level 2: partial automation;

. Level 3: conditional automation;
e Level 4: high automation;

¢ Level 5: full automation.

At the driving assistance level, the system takesr @ither the longitudinal or the lateral contreor
example, Adaptive Cruise Control (ACC) is a dri@ssistance system providing support in longitudinal
control through maintaining a desired speed and tisadway. In partial automation, the system takes
longitudinal and lateral control, while the driveermanently monitors the system and is expected to
resume control at any time. In conditional autooratithe system takes over longitudinal and lateral
control, while the driver does not have to contimlg monitor the system and is expected to resume
control in case of an emergency (e.g., sensor&ilin high automation, the system takes overitadmal

and lateral control, even if the driver does nepond adequately to a request to intervene inafasrtain
roadway and environmental conditions. In full ausion, the system full-time takes over longitudiaatl
lateral control under all roadway and environmentaiditions. The driver is not required to monitog
system.

Under certain traffic situations, however, driverght disengage the automated system because
they preferto transfer to a lower level of automation (or ma@ndriving) [3] orare forcedto do so, for
instance due to a sensor failure [4]. These transitoetween different levels of automation ardedal
authority transitions These transitions can significantly affect thadidudinal and lateral dynamics of
vehicles and are consequently expected to havesidasable impact on traffic flow efficiency (e.gaffic
flow stability).

To ex ante evaluate the impact of automated vehiole traffic flow efficiency at varying
penetration rates, mathematical models of driviegaviour of manually driven and automated vehicles
can be implemented in microscopic simulation safemaackages [5, 6]. Currently, most mathematical
models describing car-following and lane changiebdviour do not account for the possibility to shit
the automated system on and off and are therefiiradequate in representing these transitions., s
extension of these models is required. Howeventdier to do so, a better understanding is neededaw
authority transitions affect the lateral and loandibal dynamics of vehicles.

The aim of this research is to provide insight itite theory and empirics of longitudinal driving
behaviour in case of authority transitions betwA&€ and manual driving. The main contribution déth
paper is to explore the effects of authority traoss on longitudinal dynamics through extensiaistical
analyses of data obtained through a driving simulakperiment. Participants were asked to driva in
vehicle equipped with ACC on a virtual two-lane thigay using a medium fidelity fix-based driving
simulator at Delft University of Technology. Speettceleration, distance and time headway, lateral
position and lane changes were measured througgtessyl behaviour. In a control condition, partiifs
were required to drive manually. In the first exp@mntal condition, a sensor failure was simulated a
specific location after which the driver was reqdirto resume manual control over the vehicle. & th
second experimental condition, the drivers wereva to switch the system off and on voluntarily.
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The paper is structured as follows. The next secwiews possible reasons for authority transgtidrnis
section is followed by a description of the drivsighulator experiment. Next, the results of theegkpent
are discussed in-depth through statistical analyEbe final section discusses the effects of aitthor
transitions on longitudinal driving behaviour armggents the limitations of the proposed approatiigw
also suggesting recommendations for future research

LITERATURE REVIEW

Before investigating the effects of authority tri&inas on longitudinal dynamics, it is essentialdiscuss
the possible motivations that trigger the tranegidn this section, possible reasons for authtndtysitions
between ACC and manual driving are proposed basedvailable literature. In order to explore the
potential effects of the authority transitions eivithg behaviour, we introduce an overview of tivai&able
research on behavioural adaptations and the chaontgedf the driver with ACC. After that, potenti#s
and limitations of data collection methods suchFetd Operational Tests (FOTs) and driving simulato
experiments are discussed.

Mandatory and discretionary authority transitions with ACC
The authority transitions appear to be stronglsteal to the characteristics of the driver suppgtesn. For
example, FOTs [3] investigated driving behaviourthwiypes of ACC systems that have limited
decelerations capabilities and are inactive atgpedow 30 km/h. Drivers prefer to disengage AC@ an
resume manual control during dense traffic condgtiin order to have smaller distance headways. In
medium — dense traffic conditions, drivers tendé¢activate the system to have full control of thhigle
(e.g., in case of overtaking manoeuver).

Discretionary authority transitions are defined sisiations in which drivers disengage the
automated system voluntarily. The most common ratitws to initiate a discretionary authority trdiosi
with the above-mentioned types of ACC are preseinétalw [5, 7, 8]:

»  Speed adaptation prior to a lane change manoeuherdriver plans to make a lane change
and the current acceleration is not adequate;

»  Overruling due to defensive or offensive behavithe:driver brakes (or accelerates) to create
a sufficient (or insufficient) gap for a vehiclean adjacent lane for merging;

« Left-lane speed adaptatiothe driver brakes to avoid illegal overtakingtbe right and to
adapt to the speed of the vehicle in the adjacem. |

The authority transitions are definedraandatorywhen drivers are forced to switch off by the syste
because of the functioning of the driver supporstay. Possible reasons for mandatory authority
transitions with the above-mentioned types of ACEmesented below [5, 7, 8]:

* A sensor failurethe sensor cannot work properly (e.g., poor vigjbdue to adverse weather
conditions) and the driver has to resume manuataipn

* Reaching the system support constraints in a safitigal situation: the system support
constraints in speed and acceleration are reatiogetver, the driver needs to exceed these
limits in order to avoid collision or overtake.

Behavioural adaptations and changed role of the dvier with ACC
Adaptationdn driving behaviour are defined as the collectidehavioural aspects that arise following a
change in road traffic [9]. For instance, the iefige of ACC systems activated on the longitudiniairg
behaviour of drivers has been extensively invetgifjaince the 90s. Similarly, there has been amest in
Automated Highway System (AHS) which takes over ldmitudinal control of vehicles driving in an
automated lane.

Driving simulator studies have found that ACC systdead to more collisions than unsupported
driving, for instance when the drivers have to msumanual control because the deceleration is not
sufficient to avoid collision while approaching @&t®nary queue [10] and the system fails accetegat
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unexpectedly towards the vehicle in front [11]. Betty, a driving simulator study pointed out thatase

of deceleration failures with ACC the mean reactiome of drivers varies between 1.60 s and 2.26 s,
depending on the magnitude of the decelerationriland concluded that humans are poor monitors of
automation [12]. Driving simulator studies havedstigated the transfer of control between the AH& a
the driver of a vehicle entering and exiting aroandted lane [13]. In the latter, drivers were wdré@ s in
advance before exiting the automated lane and liegumanual control. The authors concluded thatehes
transitions resulted in an unacceptable rate afimglete lane changes and collisions. In additiceppears
that ACC systems, which automatically regulategheed when the vehicle gets too close to the lgader
result in higher speeds and shorter time headwagshey are active [14, 15]. However, little afiiem

has been paid to the influence of mandatory andretisnary authority transitions as defined abowehs
longitudinal dynamics of vehicles and the behavabadaptations of drivers.

The effects of ACC on driving behaviour may be teddato the changed role of the driver, who is
transformed from a manual controller to a supenigahe system [1]. Indeed, automated vehiclesiireq
drivers who are capable to resume control in cdsitority transitions. Studies in the field ofiaion
have suggested that monitoring the system for j[mempds of time might increase the workload of the
driver [16] which can result in a reduction in sition awareness and a failure in the detectiorriti€al
changes in the state of the system [17]. In addifindirect adaptation effects may be due to oeéance
on the system, which is defined as the tendentyiofan supervisors to place too much trust in autiedna
systems [18]. In the road transport field, simjfasome driving simulator studies have found a céda in
situation awareness [19] and very low levels of-sgported mental workload [20] while driving with
ACC.

Data collection methods

The validity of data collected in a FOT can be cde®d relatively high while the level of contrdiibity is
limited [21]. Indeed, in a FOT it is not possibtedresent exactly the same conditions to all thigqi@ants
and therefore precisely control for potential camfding variables. Vice-versa, driving simulatorsgess a
high degree of controllability. Presenting exatllg same traffic flow and environmental condititmsll

the participants, driving performances can be asske®bjectively [22]. Since reality is represented
virtually, driving simulator experiments can resuala reduction in validity. However, recent fings[23]
suggest that driving simulator studies possestivelaalidity, which means that the observed betwanal
response converge in the same direction but nbttivt same magnitude as in real life.

The studies found [3, 5, 7, 8] point out that drivenay prefer to disengage ACC and resume
manual control for many traffic situations (e.gende traffic conditions, lane change manoeuver, gap
creation, left-lane speed adaptation). Moreover,system can switch off due to sensor failure stesy
support constraints reached. These studies weesd s data collected in a FOT. In addition, ACC is
assumed to reduce driver’s vigilance and situagiareness. Therefore, we may conclude that ACC can
compromise driver’s ability to respond in case wfeegency situations and sensor failure. Most of the
studies on the changed role of the driver in retatd automation were performed using driving satod
studies or were conducted in the field of aviatiBased on current literature, we miss a drivingusator
experiment analysing the influence of the abovéndef mandatory and discretionary authority traosgi
on the longitudinal dynamics of vehicles and thieawioural adaptations of drivers. Given the impocta
of understanding this transitional process andnitglications on driving behaviour, in this reseasé
focus on acquiring such data.

RESEARCH METHOD

In this paper, we aim at gaining in-depth insigtiidriving behaviour during authority transitichsough

a driving simulator experiment. The main objectigeto analyse to what extent authority transitions
between ACC and manual driving affect the dynarofogehicles. The behavioural assumption we would
like to test is that the authority transitions beéw ACC and manual driving cause significant chairiige
speed, acceleration and time headway. In additvenyould like to explore the variations in the resgpes

of drivers during mandatory and discretionary artitiidransitions. To study this, we use an experitme
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with a high degree of controllability.

In this section information is provided on the @iy simulator as well as the driving environment
designed for the purpose of this study. Next, tkgeemental design is discussed. In addition, tatad
collected to approximate the longitudinal drivinghlaviour and a description of the participants are
provided.

The driving simulator and the driving environment

A medium-fidelity fixed-based driving simulator, gh is displayed in Figure 1, was used in the
experiments. This simulator was chosen becauseaifahility reason. The simulator is composed of a
steering wheel, pedals and gear stick which araimdxd from a real car. Three screens which areeglat
an angle of 120° show outside world images, tha-t@srd, the interior of the vehicle and the mirdrhe
simulator provides a visual field of view of 180®&rizontally and 45° vertically. The software was
developed by StSoftware™ [24]. The gearbox wasosatitomatic.

For this experiment, we developed a driving envinent composed of two main parts (7 km in
total). The first part consisted of a test runif® kn an urban environment. In this phase, allgheicipants
drove manually and the use of ACC was not possilile.aim was to accustom the participants to dgivin
in the driving simulator as well as to check fanslator sickness. The second part, which is digalap
Figure 1, consisted of two segments (2 km eacly waiftual freeway with two lanes in each direction,
connected by a one lane stretch (1 km). In thisaieh, only the data collected in the two highway
segments were analysed. The speed of the surraunehicles was programmed to vary randomly in the
intervals (80, 85) and (110, 115) km/h in the lefte and (120, 125) km/h in the right lane. Thesgicles
changed lane when the speed of their leader waer lthan their own speed. When ACC was switched on,
the speed was set to 120 km/h (i.e., the speed) lamd the time headway was set to 1.5 s, withayt a
possibilities to regulate the system settings.

FIGURE 1 The medium-fidelity fixed-based driving smulator (a) and the driving simulation
environment in the two-lane highway (b).

Experimental design

The experiment consisted of a control condition &l experimental conditions, making ug@mplete
three group independent samples randomized expetaindesign The driving environment and the
characteristics of the surrounding vehicles weracty the same for each condition. In the control
condition (CC), authority transitions were not pbEsby definitionand the participants had to drive
manually. In the first experimental condition (ECALC was switched on automatically after mergimtgi

the highway and the drivers were informed by a egson the screen (‘ACC is switched on’). On the
second stretch of the highway, a sensor failure sitemilated at a predefined location and the system
automatically disengaged by decelerating the vehithe driver was warned by a message on the screen
(‘Sensor failure!’) and was expected to resume rabhontrol. At the next location, another message
appeared on the screen (‘Sensors are ok!’) aftexhwtwas possible to switch on ACC again. Inskeond
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experimental condition (EC2), the drivers werewadld to switch ACC off and on by using a button loa t
dashboard discretionary.

Participants and data collection
The participants were assigned randomly to onbefibove-mentioned groups. Seventy-five participant
were recruited among the male and female inhakitaDelft between the ages of 20 and 72 yearsfold.
valid driving license and more than one year ofidg experience were considered as a prerequisite.

Before the experiment, participants received wmitbestructions on the general scope of the
research, the features of the driving simulator #mel potential risks related to simulator sickness.
Participants were asked to drive as in real life altowed to overtake. In addition, they were infied on
the characteristics of the ACC available and watoethonitor the system and be able to resume manual
control at any time. However, the precise scoph@kxperiment (i.e., analysing driving behaviourig
authority transitions) was not communicated. Aftet, a written informed consent was signed. Thelg/h
procedure was executed following the regulationsttaf ethics committee of Delft University of
Technology.

The duration of the experiment varied between 8 Zhdhinutes, depending on the participants.
After that, we asked to complete a questionnaireviich they reported demographic characteristics,
driving experience, previous experience with crueatrol and ACC in real life, information relaténl
driving styles and mental workload experienced.hEigarticipants were not able to complete the
experiment due to simulator sickness. Statistigmnding the characteristics of the participants who
successfully completed the experiment are repant@dble 1. The analysis of the full questionnéraot
included due to space limitations. The two-sampténmogorov-Smirnov test is performed in order to
determine whether the three groups come from tmeespopulation. The null hypothesis that the
distributions of the variables gender, age andimlyiexperience in the three groups come from theesa
distribution cannot be rejected at the 5% signifaalevel. This means that the distributions ofdgenage
and driving experience do not differ significartgtween the three groups. The test statisticsrasepted
in Table 1.

Longitudinal driving behaviour was measured througbistered data in the driving simulator.
Speed, acceleration, distance and time headwayalgbosition and lane changes were measured at a
sampling rate of 10 Hz. Sixty-seven complete olet@was were collected and analysed in this paper.

TABLE 1 Statistics on the participants’ characteridics in the Control Condition (CC), the
Experimental Condition 1 (EC1) and the ExperimentalCondition 2 (EC2). Female is a variable
which is equal to 1 when the participant is a femal and 0 otherwise.

CcC EC1 EC2

Participant (N) 25 21 21
Gendel(Nmaie; Nremale) 14 11 15 6 12 9
Age (Myears SCyeard 47.08 14.75 38.1C 1152 3¢.19 12.86
Driving experienc (Myears SCyear9 24.72 12.7¢ 19.38 11.22 2155 13.86
Gende Age  Driving experienc

(female) (years) (years)

Twc-sampleKolmogoro-Smirnov| CC CC EC1 CC CC EcC1 CC CC ECI1
test EC1 EC2 EC2| EC1 EC2 EC2| ECl1 EC2 EC2
p-value 092 10C 10C| 0.07 019 01¢| 011 057 057
Test statisti 0.1 001 017 037 031 01¢8| 034 0.22 0.17

DATA ANALYSIS METHOD
The distributions of speed, acceleration and tieadvay are analysed in order to study the longialdi
dynamics of vehicles in case of authority transgidoetween ACC and manual driving. The behavioural
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hypothesis tested is that authority transitiongvbet ACC and manual driving cause significant clarig
speed, acceleration and time headway. After thatcharacteristics of the mandatory and discretjona
authority transitions in EC1 are investigated imig of time needed to resume control and the caeseq
speed variation. Finally, a detailed analysis @& timiving behaviour of two single drivers in EC1 is
presented and discussed in-depth. Here, authamtysitions are investigated by using a relative
speed-spacing plane.

Analysis of speed, acceleration and time headwaystiibutions

The outputs of the driving simulator are procedsedach participant and the values of the varmbjeed,
acceleration and time headway (rear bumper ofaghddr — front bumper of the follower) are calculate
every two meters. For each location, the mean lamdtandard deviation of these variables are bl
between the participants in each condition. Theidigions are plotted in Figure 2.

A one-sample Kolmogorov-Smirnov test is performegdheck if the mean and standard deviation
of the variables calculated as a function of disgsnin each condition are normally distributed. Th#é
hypothesis that the distributions of the mean atadidard deviation of speed, acceleration and time
headway are normally distributed is rejected at 3B significance level. After that, the two-sample
Kolmogorov-Smirnov test is performed in order talarstand if the mean and standard deviation of the
variables are homogenous between the three grdines.null hypothesis that the mean and standard
deviation of speed, acceleration and time headwadlyd three groups come from the same distribugion
rejected at the 5% significance level. The p-valnd the test statistic are reported in Table 2.r€kalts
indicate that the longitudinal dynamics of the w8 differ significantly between the three coradis. The
largest difference in speed and time headway cdourel between the CC and the EC1.

Comparing the CC and the EC2 in Figure 2, the spestdbutions seem to be similar in terms of
mean and standard deviation. This result appeale toonsistent with findings by Klunder et al. [5].
However, analysing the first segment of highwaythia CC the mean and the standard deviation are
generally constant over the distances, while inER2 the mean speed increases progressively and the
standard deviation decreases. These results seleencansistent with the fact that more drivers chét
on ACC over time. The distributions of the meaned@@tions are similar in both segments. However, t
possibility to switch ACC on and off discretionazgn lead to higher variability between the drivansl
therefore to a higher standard deviation. In th€ Bfie mean and standard deviation of the timewagd
distribution are generally smaller and clearly @ase over distance in the first segment. This @n b
interpreted as an adaptation effect related tockivig ACC on and off.

Comparing the EC1 to the CC and the EC2 in Figurih@ use of ACC results in higher mean
speeds and a lower standard deviation in thesfaginent where authority transitions are not possidter
the sensor failure, it is possible to note a sigaift drop in speed and increase in the standadidtiin of
speed, as a result of the different responsesiw#rdr A second drop in speed can be recognized thfe
message informing the drivers that ACC could becheid on again. Significant changes in mean vailties
acceleration can be noted corresponding to theemfentioned authority transitions. Small mean time
headway can be observed in the first segment dfigimvay, while higher mean values can be fourttién
second segment. After sensor failure, indeed,ithe headways increase, reaching values simildretset
observed during manual driving. However, aftergbiesors are functioning again and thus it is ptessib
switch ACC on voluntary, higher time headways canrécognized. The latter result appears to be
consistent with findings by Pauwelussen and Mindedh[7] and Pauwelussen and Feenstra [8]. Higher
time headways can potentially have a negative teffedraffic flow efficiency.



QLW ~NOUI_WN P

[EEN

F’FFJF—_L—‘—’—\\}

100

50

(a) Speed [km/h]

2500 3000 3500 5500 6000 6500

|
|
|
|
|
|
|
|
|
}
Il

v

M

OF A QM}XWW
N
v

2500 3000 3500

g
»]‘_‘_‘-.
=S -~ Ay -Gl et NN
3T

1
)
T

l . \
5500 6000 6500

(b) Acceleration [m/s2 ]

(c) Time headway [s]

. * X

S = N W B

2500 3000 3500 5500 6000 6500
Distance [m]

FIGURE 2 Mean (continuous line) and standard deviation (dashed line) of speed (a), acceleration (b)
and time headway (c) distributions calculated as a function of the distance travelled since the
beginning of the simulation for the Control Condition (blue), the Experimental Condition 1 (green)
and the Experimental Condition 2 (red). The curve lines separate the first and the second segment of
the highway. For each segment, drivers enter and exit the highway through on and off-ramps. The
first dashed black line (distance= 5480 m) indicates the location where sensor failure is simulated.
After sensor failure, drivers are expected to resume manual control. The second dashed black line
(distance= 5981 m) indicates the location after which it was possible to switch on ACC again.
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TABLE 2 Statistics on the speed, acceleration andnmie headway distributions calculated as a
function of the distance travelled in the first andthe second segment of highway for the Control
Condition (CC), the Experimental Condition 1 (EC1)and the Experimental Condition 2 (EC2). In
EC1, the sensor failure is simulated in the secorsbgment of highway.

Speei(km/h Acceleratiol (m/<) Time headwe (s)

Mean of mean value

) CcC EC1 EC2 CC EC1 EC2 CC EC1 EC2
over distances

First segment 99.86 113.13105.09| -0.02 0.16 0.03| 3.07 1.30 2.36
Second segment 104.22 107.2%08.10| -0.06 -0.03 -0.01| 2.21 2.10 1.66
Overall 102.15 110.05 106.67| -0.04 0.06 0.01| 2.62 1.72 1.99
Onesample CC ECl EC2| CC EC1 EC2| CC EC1 EC2
Kolmogorov-Smirnov test

p-value 0.0C 0.0C 0.00| 00C o0.0C o0.0C| 00C o0.0C o0.0C
Test statisti 1.0C 1.0C 100| 035 032 03C| 088 08C 085
Critical Value 0.03 0.03 0.03| 003 002 0.023| 002 002 0083
Twc-sample CC CcC EC1 CC CC EC1 CC CC EC1
Kolmogorov-Smirnov test EC1 EC2 EC2| EC1 EC2 EC2| EC1 EC2 EC2
p-value 0.0C 0.0C 0.00| 00C o0.0C o0.0C| 00C o0.0C o0.0C
Test statisti 0.73 0.51 0.73| 017 01¢ 011 058 051 038

Mean ofstd. devvalues

) CcC EC1 EC2 CC EC1 EC2 CC EC1 EC2
over distances

Firstsegmer 18.59 528 1365| 05C 031 062| 243 0.6C 138
Seconcsegmer 1428 1029 1271| 038 058 051 127 115 088
Overal 16.33 791 1316| 044 04t O05€| 181 08¢ 112
Onesample CC ECl EC2| CC EC1 EC2| CC EC1 EC2
Kolmogorov-Smirnov test

p-value 0.0C 0.0C 0.00| 00C o0.0C o0.0C| 00C o0.0C o0.00C
Test statisti 1.0C 0.98 10C0| 055 051 054| 07 057 0.61
Critical Value 0.03 0.03 0.03| 003 002 0.02| 002 002 0083
Twc-sample CC CcC EC1 CC CC EC1 CC CC EC1
Kolmogorov-Smirnov test EC1 EC2 EC2| EC1 EC2 EC2| EC1 EC2 EC2
p-value 0.0C 0.0C 0.00| 00C o0.0C o0.0C| 00C o0.0C o0.0C
Test statisti 0.78 0.41 052 027 02€ 027 048 041 0.22
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Analysis of authority transition in case of sensofailure (EC1)

In this section, the “time to resume control” am@ t‘resulting speed variation” in case of authority
transitions are analysed for each participaintthe EC1. The sensor failure triggers a mangatathority
transition between ACC and manual driving (i.e.hdetory switching off). After that, the possibility
reactivate ACC can lead to a discretionary autharénsition between manual driving and ACC.

Mandatory switching off action
The time necessary to resume manual cofitigd ,in case of mandatory authority transitions is dedias
the interval between the instant of sensor faillugg ,and the instant when the gas pedal is pressed again
Teppn The distribution offryc nis presented in Figure 3.

Assuming thafl” is the median value Gfzyc, the median of the speed variation distributidf
which occurs during the authority transition isccédited as follows in equation (1):

AV = median(Vn* - VSFL,n)' (1)

Where
V7 is the speed at the instantfor each participant;
VseLnis the speed at the instant of the sensor faftureach participam.

Discretionary switching on action

The time necessary to resume automatic comii@l,in case of discretionary authority transition i§icied
as the interval between the instant when the semserfunctioning agaifsrc ,and the instant when ACC
is switched on again by pressing the bufiig: on,n The distribution orac niS presented in Figure 3. Two
participants did not switch ACC on after the seaseere functioning again.
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FIGURE 3 Time to resume manual control kuc, after sensor failure (blue) and time to resume
automatic control Tgac n after sensors are functioning again (light blue).

The speed variation distributi@,, is calculated similarly as described in equatiby Gtatistics on the
speed variationl},, the time to resume manual contf@l,c ,and automatic contrdlzac nare reported in
Table 3.

TABLE 3 Statistics on the distributions of time toresume control and speed variation in case of
authority transition

Time to resume contri(s) Speewariation (km/I)
EC1 min max median min max median
Mandatory switching o 1.7C 14,50 3.85 -20.37 -8.34 -18.18
Discretionary switching ¢ 1.4C 31.4C 5.8C -26.00 5.42 -4.22
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When observing the time to resume control, it capdinted out that the minimum value is lower inecaf
discretionary switching on. However, the discredignswitching on results in a higher median valfie o
time to resume control due to the larger variapilitthe response of drivers. It is interestingntde that in
both cases the authority transitions result ingatiee median speed variation, which can have densble
effects on traffic flow. The mandatory switching efways implies a negative speed variation while t
discretionary switching on can lead to positivenegative speed variation, depending on the respainse
the drivers.

Analysis of longitudinal dynamics of single driverEC1)

In this section, the longitudinal dynamics of twalividual drivers (driver-1 and driver-2) in EClear
analysed in detail. The scope is to confirm andrésa in-depth the general results found for the levho
sample.

In Figure 4 (a) — (b) speed, acceleration and tisedway distributions are calculated as a function
of distance travelled since the beginning of theusation. In addition, the relative spedd= v.; — \ to the
leaderi-1 and the distance headwsy x 1 — % (rear bumper of the leader — front bumper of tllewer) are
calculated and plotted in(dv, s)plane in Figure 4 (c) — (d). When no leader wasgmg the data were
discarded. In thegglv, s)planes, four different phases are distinguishddviahg the definitions proposed
in the previous section:

ACC before sensor failure (driver-1 and driver-2);

Authority transition after mandatory switching ¢dfriver-1 and driver-2);
Manual driving after resuming control (driver-1 aghilver-2);

ACC after discretionary switching on (driver-2).

N

Constant acceleration periods could be clearlygeized. The duration of these periods is not fizatlis
related to the state of the follower in relatioriite leader. It can be assumed that the transitietveeen the
above-mentioned different phases correspond tetionanf the follower who wants to increase or éase
the acceleration.

When driving with ACC, periods of constant relatidistance can be identified. The system tends
to reduce the relative speed to zero. Here, digudties in the plots correspond to changes inl¢aeler
and consequently rapid variations in the accelematifter the sensor failure, the vehicles decétera
uniformly and the relative speeds increase, undildrivers resume control and start to press thggdal
again.

When the vehicle is driven manually, an oscillatmnthe vehicle motion around states with a
relative velocity equal to zero can be recogniZ&].[It is interesting to note the same phenomerammot
be identified during authority transitions and witGC, which reacts to small speed differences.

Driver-1 did not switch on again ACC after resumaumtrol. When driver-2 decided to switch on
again ACC, the relative speed and distance headwagased compared to ACC before sensor failure,
meaning that the gap to the leader increased itesmad speed.
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FIGURE 4 Speed, acceleration and time headway distributions calculated as a function of the
distance travelled since the beginning of the simulation in the Experimental Condition 1 (EC1) for
driver-1 (a) and driver-2 (b). The curve lines separate the first and the second segment of the
highway. For each segment, drivers enter and exit the highway through on and off-ramps. The first
dashed black line (distance= 5480 m) indicate the location where sensor failure is simulated. After
sensor failure, drivers are expected to resume manual control. The second dashed black line
(distance= 5981 m) indicates the location after which it was possible to switch on Adaptive Cruise
Control (ACC) again. The (dv, s) planes in EC1 are reported for driver-1 (c) and driver-2 (d). Four
phases are distinguished: ACC before sensor failure (red); authority transition after mandatory
switching off (black); manual driving after resuming control (green); ACC after discretionary
switching on and off (magenta). Each dot corresponds to a time step.
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CONCLUSION AND FUTURE RESEARCH

The available literature indicates that drivers mesfer to disengage ACC and resume manual cantrol
dense traffic conditions and to perform manoeustesh as lane changing. Authority transitions careha
significant effects on traffic flow. However, thestudies rely on data collected in FOTs and thitig li
insight is available on the relationships betwees inandatory and discretionary authority transion
identified, longitudinal dynamics of vehicles arehavioural adaptations of drivers.

In this paper, an in-depth insight is gained i influence of these transitions between ACC and
manual driving on longitudinal dynamics of vehiclEsr this purpose, a driving simulator experimeas
set-up. Participants were asked to drive a veliglépped with ACC on a virtual two-lane highway.aln
control condition (CC), participants were requiteddrive manually. In the first experimental coratit
(EC1), a sensor failure was simulated at a spelaifiation after which the driver was required teume
manual control. In the second experimental coniieC?2), the drivers were allowed to switch thetesys
off and on voluntarily.

The distributions of speed, acceleration and tieedway are analysed for each group. Statistical
tests indicate that these variables significaniffieidbetween the three conditions. Comparing tiizadd
the EC2, the speed distributions seem to be simili@rms of mean and standard deviation. Lookirthe
EC1, the use of ACC results in higher mean speedsoaver standard deviation in the first segmerthef
highway where authority transitions are not possibfter the sensor failure, it is important to exat
significant drop in speed\’=-18.18 km/h) and increase in the standard deviatfiepeed, following from
the different responses of drivers. The median tomesume control after sensor failure is equél.85 s.
Notably, a similar speed drop is recognizable wtien system can be voluntary switched on again
(AV=-4.22 km/h). The median time before voluntary shiihg ACC on after the message is equal to 5.80 s.
Small mean time headways (1.30 s) can be obsemnvbé ffirst segment of the highway, while higheame
values (2.10 s) can be found in the second segmbate the sensor failure is simulated. Authority
transitions seem to result in higher time headwlagn these observed when ACC is activated permignent

The results suggest that authority transitions betwACC and manual driving have significant
effects on the longitudinal dynamics of ACC vehictbat can lead to negative effects on traffic flow
efficiency in mixed traffic condition, such as fiafflow instability, an increase in congestionddvand a
slower clearance of congestion. In addition, thesteomes seem to be consistent with studies foand i
literature where data from FOT were analysed [37,58]. Therefore, the assumed relative validity of
driving simulator experiments [23] seems to be ordd.

The driving simulator appears to be a useful imsemt to do an in-depth investigation of the effects
of authority transitions on longitudinal dynamic#hwa high level of controllability. However, fuh
analysis is necessary to better understand theofalescretionary authority transitions and to gate the
results obtained in the driving simulator experititanusing data from FOTs. A limitation of this dfuis
that participants drove for a very short periodiofe and because of this, little insight is gairmedthe
variations within drivers. In addition, these résudre related to light traffic flow condition andnnot be
directly generalized to dense traffic flow. Furthesearch directions might be as follows. Firs,dhalysis
of driving behaviour could be extended to latesadaimics. Second, more work is needed in orderdesss
the performances of current mathematical modelmduwauthority transitions. Third, new mathematical
models which account for authority transitions dtidie developed and the effects on traffic flomdtde
investigated by using microscopic simulations. Bouthe research could be extended to investigate
authority transitions in case of partial and higtoanation.
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