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Abstract— Today’s mainstream vehicles are partially
automated via an advanced driver assistance system (ADAS)
including Adaptive Cruise Control (ACC). ACC uses on-board
remote sensor target detection and tracking to automatically
adjust speed to maintain a constant time-gap. Contrary to
expectations, ACC may reduce capacity at bottlenecks because
its delayed response and limited acceleration during queue
discharge could increase the average headway. However, this
has not been investigated for cases when lane changers enter
from the adjacent lane, which prevents accurate analysis for
multi-lane roadways. ACC could respond differently for those
scenarios, and such car following behavior is often referred as
receiving-lane-change (RLC) car following. Using data from
carefully planned field tests on lane change car following an
RLC car following model was developed in this study. This
model has then been integrated into a comprehensive ACC
car-following model for microscopic traffic simulation. Lastly,
this study proposed a revised ACC car-following model to
represent electric vehicles (EV) with ACC, that exhibit
significantly different braking and acceleration characteristics
verses internal combustion (IC) engine ACC-vehicles.

I. INTRODUCTION

Advancements in vehicle automation and driver assistance
could present new opportunities to improve roadway capacity.
While full automation is not yet commercially available,
partial automation of different SAE levels has come into
practice. Most new production vehicles today are equipped
with adaptive cruise control (ACC), which can automatically
adjust the vehicle speed to keep a constant time-gap selected
by the driver to maintain a safe following distance.

Many researchers have investigated the impact of ACC on
traffic flow; recent research has conducted field experiments
and developed models that demonstrated that the longitudinal
car following behavior of ACC is not string stable [1-7].
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Moreover, ACC’s response to speed fluctuations could lead to
an increase in average headway during queue discharge, and
this could lead to reduced capacity, as suggested by recent
field experiments [8]. To capture this phenomenon, many
have constructed microscopic level car following models and
macroscopic level models such as the fundamental diagram
[9-14]. Furthermore, others have investigated the interaction
between ACC and human driver vehicles [15]. However, an
important component of ACC car following is missing: how
ACC equipped vehicles behave when responding to lane
changing (done manually) maneuvers from the adjacent lanes.
The car following behavior of the subject vehicle after a lane
changing vehicle entered in the immediate front from an
adjacent lane, could greatly affect capacity of multilane
roadways. This car following behavior is often referred to as
RLC car following [16, 17]. In the past, lane change and the
subsequent RLC car following behavior of human drivers
could reduce capacity at multi-lane freeway bottlenecks, and
this has been investigated by various empirical studies [18,
19]. Unfortunately, RLC car following has rarely been
addressed in research related to ACC’s impact on traffic flow.
Some data collection efforts have attempted to integrate RLC
car following (also referred as “cut-in”) [3]. Another study has
recently conducted controlled field tests to isolate the effect of
lane changes and investigate the impact of free-flow speed,
lane-change speed, and ACC gap setting on RLC car
following behaviors [8]. However, there has not been any
microscopic RLC car following model that accurately
captures the subsequent car following behaviors after lane
change occurs, for ACC equipped vehicles.

This study intends to develop microscopic RLC car
following models using trajectory data collected from the
carefully designed controlled experiments [8] for internal
combustion powered vehicles and provide an initial peek at
fully electric vehicles.

In the following section, the experimental design and data
collection are summarized, followed by the proposed
microscopic car following model for RLC. Finally,
conclusions and recommendations will be discussed.

II. OVERVIEW OF FIELD EXPERIMENTS

The experiments were conducted in controlled
environments using mainstream ACC equipped vehicles with
similar power to weight ratios (internal combustion or IC
engine: Toyota Corolla, EV: Hyundai Ioniq 5). As shown in
Figure 1a, the front and rear vehicles initially switched to the
left lane, then manually accelerated to an initial free-flow
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speed of 96 km/hr (60 mph). Then the front vehicle remained
at 96 km/hr (60 mph) throughout the experiment. The driver of
the rear vehicle activated ACC while maintaining a reasonably
short following distance to mimic traffic at or near capacity.
Concurrently, middle vehicle remained in the right lane and
rapidly accelerated to briefly exceed 96 km/hr (60 mph) drive
ahead of both the front and rear vehicles, also illustrated in
Figure la. Afterwards, the middle vehicle decelerated to 80
km/hr (50 mph) and remained at 80 km/hr (50 mph) until the
front and rear vehicles approach from the left lane at 96 km/hr
(60 mph). Shown in Figure 1b, once the middle vehicle is
aligned with the gap between the front and rear vehicles, the
middle vehicle was instructed to manually perform lane
change at 80 km/hr (50 mph) and accelerate normally to 96
km/hr (60 mph) during lane change. During the lane change
maneuver, we expect ACC in the rear vehicle (follower) to
intervene, decelerate to maintain safe following distance and
accelerate back to 96 km/hr (60 mph) once the middle vehicle
completes the lane change maneuver, as illustrated by Figure
Ic and Figure 1d. In addition, the same procedure was
repeated with the middle vehicle performing lane changes at
88 km/hr (55 mph) and 96 km/hr (60 mph). Finally, this set of
experiments was repeated for initial free-flow speed of 56
km/hr (35 mph) with lane change speeds of 56 km/hr (35
mph), 48 km/hr (30 mph), and 40 km/hr (25 mph). This
controlled experiment is intended to replicate disruptive lane
change maneuvers into vehicles more closely spaced in the
adjacent lane, and these maneuvers typically occur on
freeways near its entrances and exits where mandatory lane
changes from lower speeds to higher speed traffic are the most
common.
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(c) Middle vehicle performs lane change and the ACC in rear vehicle reacts
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(d) All three vehicles re-stabilize and return to 60 mph steady state
Figure 1.  Lane change experiment procedures.

The data and detailed descriptions of the experiment are
available in a recent publication on the MicroSIM ACC
database [8].

III. MODEL DEVELOPMENT

To model the full speed range ACC receiving lane-change
car-following behavior, the following PATH model was
adopted as the basis of model development [18]:

A5y = ky (VU — V) (1)
Osp = kz{d — Ly Vsp — L) + '!‘:3 0}! - vsv) 2)

where a,,,: acceleration recommended by the ACC controller
to the following vehicle [m/s?]; ky: gain in positioning
difference between the preceding vehicle and the following
vehicle; k,: gain in speed difference between the preceding
vehicle and the following vehicle; d: distance gap between
the following vehicle’s front bumper and the preceding
vehicle’s front bumper [m]; £y, : desired time gap of the ACC
controller (s); L: length of the preceding vehicle [m]; vg: the

free-flow speed [m/s]; v;: current speed of the preceding
vehicle [m/s]; vg,: current speed of the following vehicle

[m/s].
A. Proposed New Model Structure for ACC with IC engine.
a. Updated Desired Time Gap

A new desired time gap set needs to be adapted to the
model, reflecting the latest design of ACC controller
embedded in commercial ACC vehicles. The previous time
gap was measured from a field test in 2010 [20], which are
31.1% at 2.2 s, 18.5% at 1.6 s; and 50.4% at 1.1 s. To obtain
the updated ACC desired time gap, or the ACC minimal safety
time gap, separated car-following experiments [8] have been
conducted, and the results are shown in Table 2, which
indicates that the desired gap varies not only by ACC selected
gap setting, but free-flow speed as well. Besides, IC engine
vehicle and EV paired with ACC also show some difference in
desired time gap, due to EV’s responsive regenerative braking
that allows for safe operation at shorter gaps or headways. In
this study, since the lane-change experiments were conducted
at the free-flow speed of 60 mph and 35 mph, only the desired
time gap at the corresponding speed level are shown in the
table.

Table 1 Minimum safety time gap (s) under different gap settings and
free-flow speed.

Desired Time Gap (s)
Gap Setting ICE vehicle EV
60 mph 35 mph 60 mph 35 mph
Short 1.18 1.64 1.06 1.14
Medium 1.78 2.47 1.33 1.43
Long 2.16 2.51 1.60 1.66
Extra Long / 2.13 1.95

b. Reduced Time Gap

The first major update to PATH model is to develop a
time-variant desired time gap t,, instead of maintaining
desired time gap ty,,. Otherwise, the recalibrated model
parameters cannot accurately replicate the field observed
receiving car following behavior, including the speed profiles
and the gap between the following vehicle and the preceding
vehicle. The unsatisfactory fit could be attributed to the
following vehicle’s overestimated deceleration in response to
the cut-in maneuver, which leads to the simulated speed lower
than the field observed speeds during the deceleration phase.
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To address this, a reduced time gap t,, needs to be applied
once the cut-in vehicle’s lane change maneuver is detected by
the ACC controller of the following vehicle. t,,.,s formula is
shown as equation 3:
n
ti‘lmf = Lmin+ {thw - tmi’n) *Er n= ]s (3)
where I represents the total number of transition time steps, n
represents the current time since the detection of the cut-in
maneuver, t,,;. is the minimum temporal time gap the ACC
controller will adapt and it should be proportional to be the
original desired time gap t;,,. A reasonable search range of
this variable is between 0.3- 0.7 t;,, based on the preliminary
examination of the field data. Figure 2 gives a representative
example of the simulated speed profile and distance gap with
constant desired time gap on the left and time-variant desired
time gap on the right, while the free-flow speed is 96 km/hr
(60 mph), lane-change speed is 80 km/hr (50 mph), and the
gap setting is medium. It proves that applying a reduced time
gap is necessary to capture the realistic and less aggressive
ACC deceleration in response to the lane change maneuver,
keep a relatively higher speed at the beginning of the
lane-change, and maintain a shorter distance gap before
acceleration.
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(b) Speed, Reduced Time Gap
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(c) Distance Gap, Constant Time Gap
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(d) Distance Gap, Reduced Time Gap
Figure 2. Simulated speeds and distance gaps with different car-following
models (Free-flow speed: 96 km/hr or 60 mph, lane-change speed: 80 km/hr
or 50 mph, gap setting: medium).

c. Asymmetric Car-following Behaviors

Another important change to the PATH model is to apply
an asymmetric car-following model structure to capture the
difference in car following behaviors between acceleration
and deceleration stages. The simplest solution is to apply
different gap gain k, and speed gain k5 shown in equation 2.
Adding the time-variant reduced time gap into consideration,
the final receiving lane-change car-following model will be
written as equation 4:

Kl_].((d(t - T) - t?;lwvsv - L) + Kz_lf(vic(t - T) - vsv)
if a,(t—1)<0 )
Kl_z({d{t =)~ tpy Uy — L) + KZ_ZTVIC& —T) — Vg)
ifa,(t—1)=0
Where v;.: the lane-change speed [m/s].

a5, (1) =

Figure 3 compares the symmetric and asymmetric model
structure in terms of their simulated speed and distance gap,
while the free-flow speed is 35 mph, lane-change speed is 25
mph, and the gap setting is long. The figure indicates that the
symmetric structure fails to provide enough acceleration
strength to let the following vehicle speed up and eventually
leads to a longer distance gap than expected after the
lane-change process.
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(d) Distance Gap, Asymmetric Structure
Figure 3. Simulated speeds and distance gaps with different car-following
models (Free-flow speed: 35 mph, lane-change speed: 25 mph, gap setting:
long).
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d. Smoothing algorithm to transition between acceleration
and deceleration.

Further inspection of the field data suggests that the model
also requires a smooth transition between acceleration and
deceleration to capture the real-world car following behavior.
Hence, a simple linear smoothing algorithm was developed
and the receiving lane-change car-following model will be
rewritten as equation 5:

aec(t) a,,(t—1) < —005
age(t) a,,(t—1) = 0.05
a., (t— 1)+ 0.05
sy (D) = | alec(t) * 2 (f- 1+ 005 5 1) (5)
: —0.05 < a,,(t—1) <0.05

o (t—1)—005
_ac{icc [t) * %

where aj..(t) and  al..(t) represents the desired

acceleration at time step t if calculated by equation 4 [m/s?].

It is worth mentioning that the transition threshold of the
acceleration should be selected carefully. On the one hand, the
threshold cannot be too large. Otherwise, the model’s
performance will be greatly affected. On the other hand, the
threshold cannot be too small, otherwise the desired
acceleration difference could be too large to make the
transition happen within the entire threshold. In this study, the
threshold is selected as -0.05 - 0.05 m/s?.

e. Other considerations.

Delay/reaction time T is an important characteristic of the
commercial ACC systems as demonstrated in prior field tests
[9-12, 16]. Any information obtained from the preceding
vehicle should have a time delay before they can be used to
estimate the desired acceleration of the following vehicle. In
detail, the distance between two vehicles’ front bumper
d(t — 1) applied in the gap regulation term and the preceding
vehicle’s speed v;(t — T) applied in the speed regulation term
should both add a delay when calibrating the models. In our
study, the test vehicles have three different gap settings: short,
medium, long. Each gap setting should have its own reaction
time. In general, we expect that the larger desired gaps to have
longer reaction times.

Besides, we should consider several constraints of the
commercial ACC system, including: 1) reasonable thresholds
for calibration parameters; 2) physical constraints: maximum
acceleration and deceleration limits; 3) speed constraints:
speed can never go over the free-flow speed; 4) acceleration
constraints: acceleration can never be positive if the leading
vehicle is decelerating at congested conditions. These
constraints will be added in the final model framework.

B. Final Model Framework Integrated with Regular
Car-following Model for IC engine equipped ACC.

To integrate the receiving lane-change car-following model
(RCF model) to the comprehensive ACC car-following model
framework, we first adopted an enhanced PATH model to
capture the ACC regular car-following behaviors under
congested condition (CCF model or congested car following
model) presented in a previous study [11], listed in equation 6:

Kl_l(d(t —T) =ty Vp— L)+ Ky 1 (vt — 1) —v5)
ifa, (t—1)<0and AV =10
Kl_z[d(t_r) — thwVsy— L) +K2_2(12‘;[t—1')—1}5v) (6)
if ag, (t—1) <0and AV < 10
K3 (U.’(t - T) - vsv(t))
ifa..(t—1) =0
where A V: speed fluctuation magnitude [m/s].

This enhanced PATH model is an asymmetric
car-following model as well, but with two main differences
compared to the RCF model introduced in this study: (1)
during the acceleration stage, there is no gap regulation term.
This change is to explain the “increased gap” phenomena due
to ACC-controller’s delay and reaction time when the speed
returns to the free-flow speed after speed fluctuation; (2)
instead of adapting the reduced time gap to capture the effect
of instantaneous gap decrease, this regular car-following
model switches from a time-gap regulation to a distance-gap
regulation when the speed fluctuation is relatively large, to
capture different car-following behaviors under different
speeds based on the field observation.

as, (1) =

After determining the CCF model structure, we need to
decide the boundary to switch between these two models
(CCF vs. RCF). Once the cut-in maneuvers take place, one
most obvious characteristic is a sudden change in the
object/vehicle that the ACC is following. Therefore, we rely
on the change of longitudinal distance gap between the
following vehicle and the preceding vehicle to choose the
model. If the decrease of the longitudinal distance gap within
one time step is larger than one vehicle length plus the
minimal safety distance gap, then we should apply the RCF
model. Otherwise, the CCF model will be used. The boundary
distance gap change will be calculated as equation 7:

Ad iy = dsnfe +L =di,— d; + d;’r{m +L

2 2
Vic Vg (7
Ve * Tt oo =g o+

where d;: the travelled distance of the leader if it applies a
most severe braking to complete stop [m], d;.: the travelled
distance of the lane changer in response to leader’s braking
[m], d;gm: the jam gap [m], 7,.: the reaction time of the
human driver [s], by.: the most severe braking that the lane
changer wishes to undertake [m/s?], b;: the lane changer’s
estimate of leading vehicle’s most severe braking capabilities
[m/s?]. Assuming the two vehicle’s braking capabilities are
the same, then equation 7 can be simplified to equation 8:

2 2
'Uf - UIC

57 T Qam TL ®)

Therefore, the pseudo code of the new ACC car-following
model is presented as follows:

Ad iy = Ve * T, —
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If d(to — 1) — d(ty) < Adpin:
For t > ¢, and vy, (t) = v;(t) = vy not holds:

Ky 1 (d(t = 1) = thyvp — L) + Ko 1 (0 (¢ = T) — v5,)
if ag, (t—1) <0and AV = 20 mph

Ky 5(d(t = 7) = tpy vy — L) + Ky (0 (t — 7) — vg,.)
if ag, (t—1) < 0and AV < 20 mph ’

Ks(vi(t = 7) = v, (1))
if ag, t—1)>0
Vs (£) = vy (€ — AL) + ag, (DAL
d(t) = d(t — At) + (v, () — v, (D)AL;

agy () =

Else:
For t =ty and v, (t) = v;(t) = vy not holds:
iy (@0 =) =ty vy = L) + Koy w6 =) = 05,)
a0 () = if ag, (t=1) <0 )
o Ky (d(t—=1) = thyVsy = L) + Ky 2 (0. (t —7) = v,))’
ifag, (t—1)>0

Vg (£) = v, (6 — AL) + ag, (DAL
d() = d(t — A) + (v () — vy (D)AL;

. t—t,
thw = tmin + (o = T tSt

tmin) *
trw = thw, t>to + 1
Where:
0<Ki1,K;1,K 1,Kp 1 <1unit:s™%;
0< Ky 1,Ky2,K15,Ky4 K3 < 1,unit:s™;
0360y < tyim < 0764,
5 < I < 20, unit: seconds;
0 < T < 4.0, unit: seconds;
—1.75 < ag, <=1.05, unit: m/s?;

Vsy < Vf;

ag, <0ifa <0;

Pseudo Code of Congested Car Following Model (CCF) and
RLC Car Following Model (RCF) Integration.

Figure 4.

After solving a simple linear optimization problem,
examples of optimal model parameters of a few cut-in
scenarios are shown as follows:

e 35 mph Free-flow speed, 25 mph lane-change speed,
long gap setting: K, ;"= 0025, K, ;"= 0.135,
K,,,=004 , K,,’=0.125 , I,= 88
tmin = 048t

e 60 mph Free-flow speed, 50 mph lane-change speed,
medium  gap  setting: K4 = 0021
K, = 0155, K,,'’= 003 , K,, = 0.215 ,
I;= 17, t i = 0311,

e 60 mph Free-flow speed, 60 mph lane-change speed,
short gap setting: K, ;" = 0.0245, K, ;"= 0.225,
Ky ,'= 0042 , K,,’=0225 , I,= 11
tmin = 048 ..

>

The threshold for each constraint is determined based on
field observations and some simple simulation trials of the
collected data. The comprehensive ACC car-following model
framework will be briefly represented as the flow chart shown
in Figure 5.

No ACC CF mode
(equation 1, free flow
condition)

ACC CF made
{equation 2, free flow
condition)
No ACC CCF mode
{equation 6, congested
condition)
Yes ACC RCF mode
{equation 5, congested
condition)

Pseudo Code of Congested Car Following Model (CCF) and
RLC Car Following Model (RCF) Integration.

Minimal Gap No
established?

Figure 5.

C. Potential Changes to EVs.

As for RLC car following model, more detailed
investigation is required but similar model framework will be
applied for EV with ACC as they still have apparent
asymmetric car following behaviors. Figure 12 and Figure 13
are examples of how the new RCF model can fit the EV cut-in
scenario. The setup is the same as that for IC engine. Some
example calibration parameters include the following:

e 60 mph Free-flow speed, 50 mph lane-change speed,
medium gap setting: K, ;"= 0.06, K, ;"= 0.45,
K, ,,=0045 , K,,’=1018 , 1,=3 ,
tin = 0.82 * £, (Figure 6);

e 60 mph Free-flow speed, 60 mph lane-change speed,
short gap setting: Ky ;"= 0.10, K, ;"= 0.145,
Ky, = 0025 , K,,’= 0145 , I,= 36

= 0.7 # ty,, (Figure 7).

>

tmin

(c) Speed

) E) % L) EY

(d) Distanée Gap
Figure 6.  Simulated speeds and distance gap with adjusted RCF model for
EV (Free-flow speed: 60 mph, lane-change speed: 50 mph, gap setting:

medium)

[] ] E] E] ' ) @

(d) Distanc“e Gap

Figure 7. Simulated speeds and distance gaps with adjusted RCF model
for EV (Free-flow speed: 60 mph, lane-change speed: 60 mph, gap setting:
short).

The preliminary results are consistent with our expectation
that greater gain in speed difference and position difference,
larger reduced minimum gap and shorter transition time will
occur compared to those for IC engine under the same
condition. Instantaneous torque and regenerative braking
characteristics allow EV with ACC to deliver stronger
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acceleration and deceleration so that they can respond more
quickly and instantaneously to cut-in vehicles and be less
dependent on reduced time gap..

IV. CONCLUSION AND RECOMMENDATIONS

Automated Vehicles (AVs) have been highly anticipated as
they promise to potentially reduce congestion.Vehicles
equipped with the full-speed range Adaptive Cruise Control
(ACC) are now available on mainstream vehicles today.
Besides, the increasing adoption of fully electric vehicles
(EVs) has brought new research interests as EV’s unique
operating characteristics such as instantaneous torque and
strong regenerative braking could improve capacity and
mitigate congestion when EVs are paired with ACC.
Therefore, understanding car following behaviors of both IC
engine vehicles and EVs paired with ACC becomes crucial to
modeling traffic flow at the microscopic level. One missing
component of ACC car following car following in response to
lane changes from the adjacent lanes. Without it, the analysis
cannot be done for multilane facilities.

Using data from a controlled experiment, a new ACC
car-following model has been proposed to better capture the
RLC car following behaviors. The new model successfully
captures the initial minimum safety gap relaxation adopted by
the ACC controller by adopting the reduced time gap and an

asymmetric  structure. Additional refinement includes
incorporating delayed reaction of ACC controller and
considering vehicle’s physical constraints such as

acceleration limits. The model was then integrated into a
comprehensive ACC car-following framework with multiple
boundary conditions, which covers a wide range of real-world
traffic scenarios. This framework included other models
introduced in previous studies [11, 16, 20]. Lastly, the
difference between IC engine and EV in terms of their ACC
RLC car following behaviors has been briefly discussed, and
potential modified suggestions for EV RCF model has been
proposed to capture the more responsive braking and
acceleration in receiving car following. The results are
consistent with our expectation that EV paired with ACC has
a great potential to reverse the negative impact of ACC
controller by recovering the gap more instantaneously, and
thus relieve the traffic congestion and increase the road
capacity.

We recommend future work to apply the proposed ACC
car-following model framework in microscopic simulation
for prospective evaluation of ACC impact (on both IC engine
power vehicles and EVs) to traffic capacity. Furthermore, the
proposed model will serve as an important tool for developing
macroscopic models such as the fundamental diagram and
control strategies for mixed traffic conditions with human
driven vehicles and ACC-equipped vehicles with distinct
powertrains.
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