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Abstract—The effects of Cooperative Adaptive Cruise
Control (CACC) on traffic flow is an important issue as traffic
flow stability, capacity and safety are concernedn contrast to
most research we focus on traffic flow stability. V& use the
Intelligent Driver Model and CACC algorithms to assss the
effects. A recently field-tested and CACC-based adsory
system is also evaluated as an intermediate solutiolt is found
that CACC can quickly damp shockwaves at lower pengation
rates (50%) and that shockwaves move faster.

I. INTRODUCTION

accordingly. CACC systems can perform this taskebehan
humans as anticipation can be performed for mohécles
and because speed differences, distances and raticglere
estimated more precisely. Also the response tin@AEC is
much lower compared to human drivers. Potentidilgse
systems reduce all the downsides that come with
shockwaves, though into different extents.
An Acceleration Advise Control (AAC) system is an

advisory system based on a CACC. It uses the CAGfive

an acceleration advice enabling a driver to ardigipmore

RAFFIC all over the world suffers from congestionaccurately and well in advance of disturbancesérahead.
Congestion starts as shockwaves in which drivees aAn AAC algorithm is evaluated here and comparedht

forced to decelerate. Shockwaves may grow in leagith

even in width (lane synchronization). However, #vaves

may also be ‘absorbed’ in traffic. Usually theseckwaves
are referred to as unstable and stable trafficetsgely. A

more comprehensive description of stability carfdaend in

[1], where a distinction between local, platoon araffic

flow stability is made. Shockwaves have many drakba
related to fuel consumption, the environment, trairae,

and traffic safety. As shockwaves have no meritanyn
attempts have been made to reduce or prevent them.

results of a recently held large Field Operaticrest [2].

In this article we investigate into what extentealistic
CACC algorithm is indeed able to mitigate shockvegave
Shockwave characteristics are evaluated for diffetevels
of CACC penetration. From these characteristics esom
plausible hypotheses are made on the implicationBdman
drivers in mixed traffic and the effectiveness oAQT.
Generally shockwaves are damped quicker with higher
penetrations of CACC.

In section 2 it is described what car-following rebéor

Advanced Driver Assistance systems aim at helpirey t human drivers is most suitable for comparison V@G#HCC

driver with various tasks related to the drivingkauch as

systems. Section 3 describes CACC systems andkisting

lane keeping and collision avoidance. One of thestmoknowledge. Next, section 4 gives results of a laFgeld
common Advanced Driver Assistance systems is Adapti Operational Test. Sections 5 and 6 describe a nmgdel

Cruise Control. Adaptive Cruise Control tries toimain a
certain speed and is able to follow a slower pressar.
More advanced Adaptive Cruise Control systems aks®

communication between vehicles. This type of Adagpti
Cruise Control is called Cooperative Adaptive Ceuis

Control or CACC. It results in more stable traffiban
Adaptive Cruise Control. We focus on CACC systehst t
communicate with multiple vehicles ahead. This emids
relatively new and only little research has beerfiopmed on
this subject. CACC systems are able, similarlyaméans, to
‘look’ further ahead than one vehicle and to aptté
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framework for CACC and present the results. Sestibiand
8 finally give some discussion and conclusions.

Il. MODELING HUMAN DRIVERS

A. Car-following models

In  microscopic traffic flow models the so-called
longitudinal driving task is modeled using a conalbion of
free flow driving and car-following models. For dees
attempts have been made to capture human drivevimeh
in a car-following model. A representation of human
behavior regarding traffic flow stability shouldvearealistic
shockwave patterns and macroscopic capacity. T ehd
we have looked at several car-following models.

The Intelligent Driver Model (IDM) is presented j8].
The main feature of the model is the non-lineapoese to
speed differences, included is, the dynamic desired
headway. The acceleration is determined in (1).



) will have Vp > V (region B+C) on a homogenous stretch of
road. Drivers also have > s (region A+B) in free flow
conditions ands ~ s in congested conditions. Unstable

)]2 that this contains the region of normal operatiasgrivers

with, behavior in the IDM is largely dependant en as this
includes the exaggerated response to speed differand

. _ VAV @) deviation from the equilibrium headway. Strong
S (V. Av) =5 +VT + 2Jab decelerations triggering traffic flow instabiliticour with s’

>> s, This still holds for the IDM+ as long as< vy (region

where a is the comfortable accelerationm, is the current C instead of D). The maximum acceleration diffeeens

speedyy is the desired spees,is the minimum headway (at then equal ta.

standstill), T is the desired time headwajy is the speed
difference with the leades is the current distance headway oo

and b is the comfortable deceleration. The IDM shows 1800 7 \\.\
realistic shockwave patterns but has a macrosaapecity o

1400+ :‘, .

of just below 1900 veh/h, see figure la. In orderdach a g 1200 { Ny
reasonable capacity, the desired time headway neets §1§§§i / \\\
lowered to unreasonable values. igg / \\\
We have also looked at the Optimal Velocity Modg]. [ 200/ Ny
In the Optimal Velocity Model the acceleration is % 50 100 ko

determined by adapting the speed to a desired spiteda
certain relaxation. The desired speed is deperafatite free
flow desired speed and the headway. The Optimabd&is
Model is not always collision free and performs sethan
the IDM in representing trajectory data [5].

Another frequently used car-following model is thedel
by Helly [6], and the many variations to this mad€hese
models are straight forward and easy to understand
However, the linear responses to deviation fromirdds vy oo stz
headway and desired speed do not result in realisti Fig. 1. (a) Equilibrium fundamental diagram of tBev and IDM+

shockwave patterns. We have tested the model amadfo With Vo =120 km/hs =2m,T =1.45 s and a vehicle length of 5 m.
For the IDM the equilibrium gap is calculated a$3p For the IDM+

that shockwaves grow, that is, the _reglon wheres_dpeare an equilibrium gap ofp + VT is used. From the equilibrium gap a
lower grows both backwards and slightly forwardslevthe density can be derived using the vehicle lengthltiblying with v

lowered Speed remains constant. This is a-typ|ealab|0r gives the flow. (b) Difference in acceleration beén IDM and
IDM+ (IDM+ minus IDM) normalized to parameter Note that all

Aace fa

for congestion. other IDM parameters are captured within the foativ/vo ands/s.
B. Sdected car-followi ng model For regions A,. B, and*C there is little differen&gion B represents
normal operationsses & V< \y).

As we are focusing on traffic flow stability we lav
chosen to use an adapted version of the IDM, hefiesred
to as IDM+. We have adapted the IDM to achieve
reasonable capacity values. To this end we apply a
minimization over the free-flow and the interactiemms of
(1), similarly to models based on Helly and Gippk [

I1l.  ADVANCED DRIVER ASSISTANCESYSTEMS AND
MODELS

Much research into the effects of Adaptive Cruisai@ol

systems has been performed. For instance in [8]DM is

adapted to a less over reactive version. Next tbapfive

4 . 2 Cruise Control settings are made dynamic dependimthe

y:aﬂnin 1{1) ’1_{Mj (3 situation (free traffic, upstream front, congestedffic,

dt Vo S downstream front, bottleneck). The main impact fbuvas
an increased capacity.

By explicitly separating the free-flow and interact Present research has focused mainly on throughmit a
terms, the equilibrium fundamental diagram of tigvi Ccomfort. We however focus mainly on traffic flovabtlity
changes from a smooth topped-off shape to a trlangua”d. investigate implications for human drivers inxed
shape as in figure la. Fafv, < 1 ors/s< 1 (region A+B+C traffic. In the Netherlands TNQ has developed agsted
in figure 1b) the acceleration difference is smihe figure CACC systems that are the basis of our research.
is normalized with respect to parameter thus the
acceleration difference in this region is smallearta. Note



A. IRSA Controller controlling throttle and brakes directly. The CAC@htroller

In [9] the Integrated full-Range Speed AssistaniRSA) S based on [13] and adjusted to deal with large deiays
controller was evaluated. IRSA is a CACC system d&ué to the driver responding to the HMI. In [Zhe
described in [10]. Positive effects on capacity @othfort feedforward is based on the acceleration of five
were found. In [11] MIXIC 1.3 [12] was used to evale the predecessors. The amplification of accelerations upstiea
effects of a dedicated lane for CACC vehicles. Agaithe platoon is limited. For larger time delays, k.4 s, the
positive effects on capacity were found althougl tane controller that is based on five predecessors is monmegstri
changing process was made more difficult because $fble compared to [13]. The AAC was designed for 100%

platoons with vehicles closely following each other penetration rate and is not suitable for mixed traffi
The IRSA controller has multiple versions. We haged
the CACC2 as this is applicable even when not eliicles IV. A270FELD TEST

are equipped. This allows investigation into thée&s at The AAC system has recently been tested in a largd Fiel
multiple penetration rates. An important buildinpdk in  Operational Test [2] on the A270 public highway, wihe
the IRSA controller is a regular Adaptive CruisenBol. objective to demonstrate the potential of CACC systemns
The Adaptive Cruise Control acceleration of vehidlds improve traffic efficiency and shockwave behavior in

defined in (4). particular. A string of 50 AAC equipped vehicles wag p
through a series of experiments in which shockwaves were
ad:min(km(vm—vx), k2q+qu) (4)  induced with varying speeds and decelerations. Various

decelerations were performed up to -5 ‘m/Bhe largest

Here ks is a constant gain is the desired speed, is deceleration will also be simulated in this paper.ohtml
the vehicle velocity, e, is the relative speed error 9"oUp of 50 unequipped vehicles was put through theesa
(downstream vehicle speed minwg), e, is the relative experiments in the adjacent lane. The time headwaheo
distance error anc, and k, are non-linear gains. The AAC system was set at the average of the unequipped
CACC2 version of the IRSA controller extends thismigol  Vehicles at 1.2 s. The first results in [2] can be caempao
law by including the speed differences with addisb the Simulation results here.
leaders. Here, only equipped vehicles are inclugit a Figure 2 shows the shockwave patterns of one of the
maximum distance of 200m to the concerned vehigle. €xperiments from [2]. The first wave initiated arols@D m
maximum ofn = 5 leaders is used in (5). As CACC2 alsds similar to the simulation scenario defined below.eTh

operates with mixed traffic a relation to the digte headway Un€quipped vehicles on the left experience a shookwav
is excluded. (dark zone) travelling with a speed of about -20 kkm/

(upstream). A second wave emerges almost immediately
K42 after the first travelling about +7 km/h (downstrea®Bpth
a, :min[km(vm—vx), kzq;d_l+klgﬁ_l+£ 23 Q,ij] (5)  waves do not tend to damp out within the string of 50
n=Li vehicles.
The equipped vehicles (right) tend to damp out both

Undefined by the IRSA documentation aelor actually shockwaves. It can also be observed that the first shavakw
the desired distance headwaly)andk,. For this we use the develops as a stationary wavefront.
form and few parameters from MIXIC. The desired hemadw
is given byxy = ¢; + Covy + cavi2. Here we use; = 3 for the
minimum headway (as in MIXIC), the desired time heagw | // /
for ¢, and the quadratic term is ignored giviog= 0. In ’
MIXIC the values of 0.3 and 1.5 are used fgrand k; %/ 0 /////////i////« //’
respectively for the direct leader. For the remajrieaders I /
k. equals 0.2. Here values of 0.3 and 1.0 are usedllfor a - ,
leaders. It turned out that this lead to an algorithat is not ™/ r
collision free. Similarly as in MIXIC it is assumed that =
drivers will decelerate and override the system ifeseary. - g o o "
A minimization over acceleration from the IRSA cantier i i
(5) and the IDM+ car-following model (1) gives thiaa l%/////%/w il /%////////%/

IRSA acceleration.
: : e L
B. ACCeI eration Advl ce Controller 0 2 40 e e 10 12 10 180 180 I O

Time [sec] me [sec]
An Acceleration Advice Controller (or AAC) is an Fig. 2. Shockwave patterns from an experiment b A270;
advisory system based on a CACC system. The CACGQCinequipped vehicles (left), AAC equipped vehickeght). Gray lines

. . . . are vehicle trajectories (black indicates locatiomisere vehicles
generates an acceleration advice to the drivern@gad of decelerate with more than 1.0 2).
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The conclusion from the A270 demo is that an AAGhe start of the simulated stretch of road (collisioh o
system helps drivers to better anticipate and contreir t generated vehicle indicates spillback), after 15 teisior as
decelerations and accelerations. This reduces the speed soon as all vehicles have a speed above 70 km/h htter t
headway variations (figure 3), and consequently stalsil shockwave was started (figure 4c). The applied timp iste
shockwaves better. Improvements of variations in traffi0.1 s. Output of the simulations is in the form of eéhi
density of up to 13% were demonstrated. trajectories. From these trajectories it can be ddniveether

the traffic flow reacts stable or unstable to the ybsdtion.

--------- Unequipped Also the extent of shockwaves can be assessed.
Equipped

VI. RESULTS

In order to analyze the resulting traffic flow stétlilthe
, . . e P . . shockwave dynamics are assessed. A linear function ef tim
0 0s 1 15 2 25 3 35 4 is derived from the trajectories and gives the locatibthe

, _ “HIE PR Re) , shockwave. The following steps describe this derivation:

Fig. 3. Histogram of time headway over all A27@eiments; AAC a For each vehicle, find the first five successive time
equipped vehicles (continuous), unequipped vehicdashed). : - ! . 5 _

steps with a deceleration stronger than -1°mIdis

threshold is significantly larger than fluctuations twit
_ _ _ only the gas pedal (up to about -0.5 /sequiring that
Human drivers and CACC equipped vehicles are the prake is actually used. Decelerations on the 6t

V. SIMULATION FRAMEWORK

simulated on a 4 km stretch of road with a single.|drie meters are ignored as vehicles may adjust to their
first vehicle is pre-programmed and drives at 90 kfortthe desired headway. The first of five time steps is the
first 80 seconds covering the first 2 km. Then the alehi anchor point (x, t) of the shockwave.

decelerates at a rate of -5 ffas in the A270 field test) to a p_ Find the least-squares solution with f(t) = X + Vi
speed of 36 km/h. This speed is maintained for 5 seconds through the anchor points. The shockwave speed is than

after which the vehicle accelerates at a rate of<f lback to given by v and X, is nothing more than a spatial
90 km/h. As this initial perturbation forms a decefiema to intercept. As the linear shockwave may not start thieh

36 km/h, there is room left for shockwave growth dae first vehicle, the first approximation may be a pooe.
unstable behavior. We have also applied a Gaussian Thjs can be seen in figures 4a and 4b where the final
distribution on the desired time headway both for &om linear approximation starts arourid= 220. Therefore
drivers and CACC2 equipped vehicles. This will introelu the vehicle with the largest error in location beswehe
small headways that may result in unstable behavioalsot anchor point and the linear shockwave is excluded and
large headways that may result in more stable behaBior this step is repeated. The stopping criterion is defaed
varying the headway standard deviation the net effac be a maximum allowable distance error dependent on the

assessed. Note that both human drivers and CACC2 ghockwave speed. With larger shockwave speeds, larger
equipped vehicles have the same average desired headwa  djstance errors are allowed. Each iteration the distan
we are concerned with traffic flow stability and nwith errors are divided by the latest shockwave speebhis
capacity, for which CACC systems can also be used. results in a ‘travel time’ for which a maximum errfr

Both the headway distribution and the CACC2 pernieinat 8s is the stopping criterion. This value has no

have been varied. Two headWay distributions have been meaningfu' value and was Visua”y confirmed to return
used, 1.2+0.15 seconds and 1.2+0.3 seconds. The awérage the linear part of the shockwave.

1.2 seconds gives a capacity of 2400 veh/h with a@tesirc,  The shockwave duration is deduced from the
speed of 90 km/h. The distribution of headways intoedu maximum and minimum time of the anchor points of all
slight decelerations at the start of the stretch ofl ras the remaining vehicles. The shockwave range is derived
vehicles are generated at a fixed headway correspgndi from the duration and shockwave speed. For the
the inflow. This slightly decreases inflow capacity.eTh shockwave speed the last valuevgi used.

inflow is set at 2000 veh/h. Penetration levels of @G@#6 Table 1 shows the average values of 10 runs for each
and 100% have been evaluated. scenario where each scenario received the same set of

~ The AAC algorithm of [2] is simulated in scenarios with random seeds. Note that for average values it mapaidt
fixed headway and 100% penetration rate only, aAt€  thatv = t/x. The increase in headway variability appears to
algorithm is only designed for this. Driver responseth® haye a limited effect on traffic flow stability. Frofigure 4a
HMI are included as a reaction time with a Gaussiaand 4b it can however be seen that an increase Ma
diStribUtion W|th an aVerage Of 05s and a Variadﬁﬁ.l S. Va”ab'“ty increases the Shockwave frequency. F|gm&5
Reaction times are rounded to an integer multipheftime snd 4b also indicate as expected that the IDM+ shows
step and limited at a minimum of 0.3 s. similar shockwave patters as the IDM. An increase in
Simulations are stopped as soon as a shockwave reach@¥C2 penetration has large consequences for the



characteristics of shockwaves. The duration is shortene TABLE |
while the range is lengthened. The resulting shockwave SHOCKWAVE CHARACTERISTICS
speed increases rapidly. This high shockwave speed i Headway distribution

visible in figure 4d. The variability between indivial runs
is larger for 50% CACC2 equipped vehicles than foaorO

100% CACC?2 equipped vehicles. These circumstances aralgorithm ©° -

thus less predictable for human drivers.

Figure 4c shows that the AAC algorithm produces a
downstream moving shockwave similar to the second

shockwave observed in the A270 experiments (figurét 2
remarkable that the simulation scenario does not dejge

the first upstream wave as with the other algorithmis.

should be noted here that the simplified reaction ehedll
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Fig. 4. Shockwave patterns of several scenarios.

(a) 0%, headway distribution of 1.2+0.15 s, run 3

(b) 0%, headway distribution of 1.2+0.3 s, run 3

(c) 100% AAC, run 3

(d) 50% CACC2, headway distribution of 1.2+0.1%5us) 3
Only the linear part of the shockwave is considered

1.240.15s 1.2+0.3s
equipped duration range  speediuration range speed
[s] [m] [m/s] [s] (m]  [mis]
IDM 0%  unstableinstable -4,4 unstablenstable -4,4
AAC 100% 45,1 3419 7,6 (without distribution)
CACC2 50% 9,0 -173,6-18,7 9,0 -171,1 -185
CACC2  100% 76 -5795-766 7,9 -572,2 -73,6

| This table gives avages of 10 stochastic runs. Unstable means
the shockwave grows and has a theoretically isfiditration and rang
This holds for each of the runs where ‘unstablgjii@n.

have a significant effect on wave behavior. Othéfedinces
between simulated and field data may come from the
variability of headways. For single drivers figure Jwsh
large variations while the desired headway is simulated
constant.

VIl. DISCUSSION

Car-following models to date appear unable to captur
human driving behavior with realistic traffic flowadtility,
capacity and reaction time. We have used the IDMichvh
shows realistic traffic flow stability but has no reaatitime.
Given that CACC systems are particularly better than
humans at estimation and reaction time, a sensitivi&yyais
of used reaction times and estimation errors would baes
valuable. As a result, our conclusions should be coresider
explorative. In a qualitative sense our modeling tesaie
similar to the A270 field experiment.

The fast shockwaves of the IRSA controller can be
attributed to a summation of (a part of the) intéoacterms.

As the IRSA controller is sensitive to speed differerardg

for all but the direct leader, the time step (or systesponse
time) is hardly of influence. Instantaneous accelenati
differences need time to result in speed differences. F
CACC systems that use acceleration differences thestiepe
will be of influence to the shockwave speed. The editirk,

is also of influence as this governs the acceleratisporese
and hence acceleration differences. Lower values, @ind
fewer vehicles that are anticipated for will resultslower
shockwaves. Nonetheless these shockwaves will be faster
than without CACC2 as any CACC system should anticipate
further ahead than humans ¥ Ny, andk, > 0) to have
more stability in traffic flow.

For humans anticipation is an important aspect ofirtyiv
[14]. Given the larger shockwave speeds of CACC, human
drivers may be less able to anticipate and either shove
unstable behavior or will increase headways leadin@ to
decrease in capacity relative to a theoretical nemtlel
capacity. In the simulations in this paper we have asdum
that drivers still behave as the IDM. Model results ofed
traffic are thus unreliable. Capacity and traffiowl stability
may be overestimated. Whether the net effect is pegitiay



even be disputed for some levels of CACC2 penetration. ACKNOWLEDGMENT

There may also be serious implications on traffic saflety  The research reported in this paper was conductedras pa
human drivers do not adapt their method of anti@paor  of the SPITS project funded by the Dutch Ministry of
desired headway. Only for a penetration of 100% thilse E£conomic Affairs by TomTom, NXP, Logica, TNO, Caten
downsides disappear. The results of the AAC algorith@reencat, Task24, Peek, Fourtress, and the universities
however indicate that using the right CACC algorithihese Eindhoven. Delit. Twente and Leiden. and the Cotetkc
implications for human drivers may be small. ~ Cruise Control project funded by the Dutch Ministr§ o

~ Another interesting aspect of human drivers is thgconomic Affairs under the High Tech Automotive Sysse
interdependency of reaction time and time headwaty. program, by the universities of Delft, Twente anddEioven

merging and diverging sections drivers are faced wslibrt

and NXP, NAVTEQ, TNO, Clifford, Technolution and

headways and may adjust their reaction time (level ‘Pfijkswaterstaat.

attention) accordingly. This is opposite to the oftesed
notion that drivers will keep a safe distance, dependin
their reaction time. A dynamic reaction time midie the

) . ) . o 1]
key to having collision-free traffic operations witbalistic
parameter values in car-following models that incluale
finite reaction time, estimation errors and antidipatwhile
having a realistic macroscopic capacity. 2]

VIIl.  CONCLUSIONS ANDOUTLOOK (3]

We have introduced the IDM+ car-following model wihni
separates the free-flow and interaction term of Bid.IThe [4]
IDM+ is able to produce realistic capacities with rewdne
parameter values. [5]

For the IRSA controller we have found that traffiow
stability improves as shockwaves are quickly dampeds qu]
comes at the expense of a larger shockwave range=anitsr
in very fast shockwave speeds. This may have undesirable
implications on the behavior of human drivers. (7]

The AAC algorithm does not have these implications ag)
the shockwave moves upstream. However, the AAC
algorithm is only designed for a penetration ratel00%.
Whether the AAC algorithm is useful in mixed traffias not
been investigated. It however should be (made) egigkc [9]
for mixed traffic for implementation purposes.

Perturbations in reality may often come from 'a”‘fw]
changes. In [15] it was even found that all shockwateke
investigated highway were initiated by lane changes. a
realistic generation of shockwaves a multi-lane facileeds
to be modeled. This would also allow for the evahmatf
cooperative systems that try to prevent shockwavesmipt o
by speed and headway advice, but also by means of Ia[?éa
advice.

Finally it is noted that there is a lack of data and
knowledge on how the longitudinal and lateral driviasks [13]
together produce traffic flow instability. In thistiate we
have looked at the longitudinal driving task with iaitial
perturbation that may be the result of a cut-inrestable car-
following behavior. Detailed trajectory data of iple lanes
will be required to validate microscopic models ofitiHane
facilities.

[11]

[14]

[15]
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