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Guided Control of Human Drivers: Control Design and Experiments

Bence Szaksz", Gabor Orosz", Senior Member, IEEE, and Gabor Stepan

Abstract—This brief investigates the guidance of a human
driver via an automated lead vehicle, when the automated
vehicle is not only responding to a reference velocity but it also
takes into account the speed of the subsequent human-driven
vehicle (HV). To verify the theoretical results, a human-in-the-
loop (HITL) simulation environment is developed, in which a
graphical interface illustrates the automated vehicle ahead, while
the human operator controls the velocity of the following vehicle
via the accelerator and brake pedals. Nine human drivers were
involved in the experiments, each of them carried out the driving
task for 79 control gain combinations of the automated vehicle.
Based on the measurement data, the parameters of the human
driver model were estimated using the sweeping least squares
method; the measurement results confirmed the applicability
of the theoretical model in designing advanced traffic control
strategies.

Index Terms—Autonomous vehicles (AVs), human and vehicle
interaction, human driving behavior, sweeping least squares
method.

I. INTRODUCTION

VER the past few years, there has been significant
O progress in the development of automated driver assis-
tant systems (ADAS) and autonomous vehicles (AVs). Despite
these improvements, traditional human-driven vehicles (HVs)
are still expected to maintain their dominance in traffic for
a while yielding mixed traffic flows of AVs and HVs. Nev-
ertheless, the integration of AVs into the traffic allows to
mitigate accident risks [1], [2], [3], [4] and contribute to
energy efficiency [5], [6], [7], thereby improving not only the
AV’s own performance but also benefiting the nearby traveling
HVs [8].

Although, adaptive cruise control (ACC) offers valuable
assistance to drivers, several studies presented that its overall
impact on global traffic dynamics is limited [9], [10], [11].
This limitation arises from the constraint that each ACC-
equipped vehicle responds only to its immediate predecessor.
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In contrast, AVs have the potential to gather information from
connected vehicles that may be located further away in the
traffic (and may be either human-driven or automated). This
leads to the so-called connected cruise control (CCC) [2], [12],
[13], [14] and connected traffic control (CTC) concepts [8],
[15], [16], [17] depending on whether the connected vehicles
are ahead or behind the connected automated vehicle (CAV),
respectively. Finally, the vehicle to infrastructure communica-
tion should also be mentioned [18], [19] when the vehicles
share information with a variety of devices supporting the
traffic along a highway.

The potential of automated vehicles can only be realized if
the human driving behavior is explored together with testing
how AV interacts with human drivers. A straightforward option
is to carry out experiments with real AVs and HVs on the roads
[13], [20], [21], while driving simulator-based experiments
[22], [23] also have their own benefits; the latter option is often
called as human-in-the-loop (HITL) experiments. Beside their
obvious low-cost, HITL experiments allow the exploration of
critical parameter configurations that lead to dangerous traffic
situations; these critical parameter configurations could not
be studied in experiments involving real cars. This flexibility
presents the relevance of HITL experiments before carrying
out experiments on the roads.

In the literature, until now, limited attention has been given
to how human drivers respond to the behavior of AVs in mixed
traffic situations. Our primary motivation is to improve traffic
efficiency and safety by better integrating AVs into mixed
traffic; this study focuses on the case when an AV is providing
guidance to a human driver operating the vehicle behind.
The main novelty of this work lies in the control design of
AVs while utilizing an HITL environment. The HITL results
validate the human driver models with reaction time delay, and
provide a good basis for future advanced controller design. The
research contributes to a deeper understanding of how AVs can
facilitate safer and more efficient driving while guiding nearby
human drivers.

In this brief, we investigate the car following scenario, when
an AV is traveling in front of an HV. The AV is not only
equipped with cruise control but it also responds to its relative
velocity with respect to the following HV; this allows a smooth
guidance of the human driver [24], [25], [26]. A simulation
environment is developed to investigate the corresponding
mixed traffic dynamics. The graphical interface displays the
automated lead vehicle, while the velocity of the following
vehicle is controlled by a human operator via the accelerator
and brake pedals. Using various control gain combinations of
the AV, nine subjects carried out experiments. Based on these,
the driving behaviors of the human operators are estimated
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Fig. 1. (a) Schematic car following model. (b) Range policy function for the
human driver model.

with the help of the sweeping least squares method [20],
which allows the estimation of the human control gains and
the relevant human reaction time simultaneously.

This brief is organized as follows. In Section II, the simpli-
fied car-following mathematical model is discussed, in which
the dynamic behavior of the human operator is described with
the optimal velocity model. Then, the developed HITL simula-
tion environment is presented in Section III. The measurement
results of the nine subjects are summarized in Section IV,
which also contains the estimation of the parameters of the
optimal velocity model. Finally, Section V presents the con-
clusions and discusses future research opportunities.

II. MODELING

Assume that an AV is traveling in front of an HV along a
straight road. The velocity of the AV and that of the HV are
denoted by v and v_;, respectively, while the distance between
the two vehicles is h_; [see Fig. 1(a)]. A reference velocity
Vief 18 provided to the AV that also takes into account the
velocity difference of the two vehicles. The optimal velocity
model [2], [26], [27] is applied to approximate the behavior of
the human driver, while this model will be replaced by a real
human operator during the experiments. The corresponding
governing equations take the form

hoy(t) = v(t) = v (1) (1)
v_1(t) = a (V(hoy(t = 1) = voi(t = 1))
+BWO(t - 1)) —v_i(t — ) )
V(1) = B Vet — V(t — 7))
+ By (Wi (t = ) — v(t — o)) 3)

where 7 and o denote the time delays at the HV and AV,
respectively, while the control gains 3 and B_; correspond to
the cruise control gain and to the backward looking gain of
the AV, respectively.

The human driver responds to the distance and the velocity
difference between the two vehicles with the control gains «
and B, respectively. The range policy function

0, if h—l < hstop
V(h—l) = F(h—l), if h—l € [hstop’ hgo] (4)
Vmax, if hoy > hgo

describes the relationship between the distance headway /h_;
and the corresponding desired velocity [see Fig. 1(b)]. If the
headway gets smaller than the critical value hgop, then the
human driver aims to stop, while if the leading vehicle is at
a sufficiently large distance & > hgo, then the driver intends
to keep its reasonable maximal velocity vy.x. If the headway
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is within the interval [Agop,hgo], then the driver’s response
follows the monotonically increasing function F(h-;). The
simplest choice for the F(h-;) function is to consider an affine
function as it is visualized in Fig. 1(b). Furthermore, the speed
policy W(v) = min{v, vy} is introduced to represent that the
human driver does not want to follow the leader when that
moves faster than v,,x. The same saturation function is used
for the AV.

In the followings, let us consider that the possibly time-
dependent reference velocity is a sum of the constant term
vie and the small time dependent fluctuation ¥.¢(¢), that is,
Veet (1) = Vg + Prer(f). Then, assuming ¥r(f) = 0, the steady-
state solution of system (1) occurs when both vehicles travel
with the same velocity v, while the steady-state headway is
obtained from the corresponding inverse of the range policy
function, that is, i*, = V-'(vX)).

Let us introduce the state vector X = [A_; ¥_; »]T with

hoy = h_y — h*,,

*

Vo= vo = v, V=v—vi.  (5)

Both the reaction time of the human driver and the time delay
required for the signal processing and actuation of the AV
are relevant parameters to be considered. Taking these into
account, the linearized dynamics at the steady state is governed
by the delay differential equation (DDE)

X(f) = Aox(?) + Ax(t — 7) + Apx(t — 0) + Bt (6)

with
[0 -1 1 0 0 0
Ag=(0 0 O, Ar=|ak —(e+p B
0 0 0 0 0 0
[0 0 0 0
A,={0 0 0 , B=]0]. @)
10 B —(B+B-) B

Here, « is the slope of the range policy function at A*,.
The corresponding characteristic function takes the form

D(s) := det (sI —Ayg—Ae - A(,e_w)
=5 +(@+p)s’e” + B+ s
+ (ﬂ[? +aB + a/ﬂ,l) se ST | gkse™T
+ axBe T, 8)

The linear system is exponentially stable if and only if all
the infinitely many characteristic roots of the characteristic
equation D(s) = 0 have negative real parts.

The stability boundaries in the plane of the control parame-
ters of the AV are determined by means of the D-subdivision
method [28, Ch. 2]. The static stability boundary (saddle-node
(SN) boundary) is obtained by the substitution of s = 0 into
the characteristic equation, yielding a8 = 0. Assuming « > 0
and « > 0, this boundary is

p=0. ©)

Furthermore, substituting s = jQ into the characteristic equa-

tion and separating the real and imaginary parts, one obtains

the dynamic stability curves (Hopf curves) as a function of
a(2) b(Q2)

B1(Q) = cos(Qo)—=, BQ) = ——

c(Q)’ c(Q) (10)



SZAKSZ et al.: GUIDED CONTROL OF HUMAN DRIVERS: CONTROL DESIGN AND EXPERIMENTS

7=06s,0=04s T7=1s,0=04s

8 8
6 6 - = SN
<4 Ly —H
— i
= =,
@ @
-0 B0 SR RS -
-2 -2
-6 -6 2 4 6

By B [1/3)

T=1s,0=06s

8 8
6 _ 6
! L4
— —
2 2
Rl «Q
0 0
-2 -2
Fig. 2. Stability charts for different time delay combinations with HV

parameters @ = 0.25 sl B =03 s7!, and k = 0.6 s~!. The static SN and
dynamic (Hopf, H) stability boundaries are shown by dashed and solid curves,
respectively, and the stable domains are shaded.

where

a(Q) = -Q* +20°%(a + B) sin(Q7)
- Q* ((a + p)* + 2akcos(Qr)) — *k*

b(Q) = Q* cos(wr) + Q*(a* + af) cos(Qo)
— (a + B sin(Q(r-0)) — aQ® sin(Q(r+07))
— akQ? cos(Q(r—0)) + *kQ sin(Qo)

c(Q) = BQ? cos(Qr) — akQsin(Q1) 4 a’«.

(1)

12)
13)

Here, Q refers to the angular frequency with which the system
loses its stability when the parameters cross the dynamic
stability boundary.

Fig. 2 presents stability charts in the plane of the control
gains of the AV for various time delay combinations based on
the closed form results (9)—(13). The dashed and the solid lines
refer to the static (SN) and to the dynamic (Hopf) boundaries,
respectively, while the stable regions are shaded. As it can
be observed, the stable domain shrinks as the delays are
increased, while it is more sensitive to the variation of the
delay of the AV.

III. HITL SIMULATION ENVIRONMENT

The measurement setup consists of an Esperanza high-
octane steering wheel and pedal [29], which is connected to
the computer [Fig. 3(a)]. Note, that in this configuration, only
the pedal signal is utilized, while the signal of the steering
wheel is omitted. Still, the steering wheel is needed, since it
forwards the pedal signal to the computer.

A HITL simulation environment was developed in MAT-
LAB to verify the theoretical results. The human operator is
sitting in front of a monitor, which displays the automated
lead vehicle on a straight road such that the environment
is projected to the vertical plane at the front bumper of the
following vehicle. In order to have a real-time application with
high enough sampling rate, the AV is inserted into the screen as
a 2D image, the position and size of which is always adjusted
to the actual distance between the vehicles.

Fig. 3(b) presents how the AV is projected for the human
driver. We assume that the distance between the eye of the
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human operator and the front bumper of the HV is dy = 2.5 m,
thus, the projected width of the AV is
do

do + h-1(1)
where W refers to the real width of the AV.

The projection of the Ly = 4 m long lane markers (of
the center line) are similarly obtained, as shown in Fig. 3(c).
Of course, the locations of these lane markers are updated
according to the velocity of the HV. Let H and d,(f) denote
the eye level of the driver and the distance between the front
bumper and one of the lane markers, respectively. Then, the
projection yields that the starting and the end points of the
marker with respect to the horizon assume the form

Hd() HdO
do + dy(0)’ do +dy(t) + Ly~

w(t) =W (14)

H;, (1) = H;p(1) = 15)
respectively.

Fig. 3(d) presents the schematic model of the HITL sim-
ulation. Throughout the measurement process, the human
operator manipulates the pedals based on the view of the
graphical interface. The real-time application receives the
signal of the pedals and adjusts the acceleration of the HV
accordingly; it computes the response of the AV, and updates
the graphical interface to reflect the state of the system in the
subsequent timestep. This results in the time delay 7 = 7, + 7,
where 7, and 7. refer to the reaction delay of the human
operator and to the computer delay, respectively.

The time integration is done based on the fourth-order
Runge-Kutta method with the sampling time At = 0.02 s. The
response of the AV is subject to an artificial delay o = 0.4 s,
while the maximum acceleration and deceleration of both
vehicles are defined as dap. = 3 m/s2 and ap;, = =7 m/sz,
respectively. Note that the pedal is based on a potentiometer
that provides the output signal with a resolution of 256 bits.
Because of the inaccuracy of the potentiometer, this signal
sometimes has 5%—-10% error, but it can be tolerated since it
does not influence the main results of the experiments.

The experiments started in a steady-state motion of the
system, that is, the two vehicles traveled with the same velocity
v_1 = v = 10 m/s in a distance of A_; = 15 m, while the
reference velocity was also set at v = 10 m/s. Then a
trapezoidal reference velocity profile was prescribed for the
AV, which is visualized in Fig. 3(e). The AV followed the
reference according to its control law (3), while the human
operator was asked to drive as if it were a real traffic situation.
To make the experiments more realistic, the brake lights of the
AV were illuminated when it applied the brakes.

At first, we added a speedometer to the screen, which
displayed the velocity of the HV. However, we realized that
the operators quickly learned the prescribed velocity profile
and then drove according to that and not according to the
car-following situation. For the purpose of comparability of
measurement results, we decided to use the same velocity
profile, thus, finally, we omitted the speedometer that initiated
the above mentioned (undesired) learning process. Instead, the
speed of the lane markers shows the velocity of the HV, and a
speed limit sign pops up if the corresponding velocity exceeds
25 m/s = 90 km/h.
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Fig. 4. Stability chart for subject #1 in the plane of the control gains of the AV and time signals of ten particular measurements. In the stability chart, the
solid and dashed black lines show the theoretical dynamic and static stability boundaries corresponding to the estimated parameters of subject #1 (see Table I).
The measurement points are colored according to the RMS of the velocity difference (v_; —v). In the small panels, the blue curves refer to the headway, the
black-dashed curve is the reference velocity, while the green and red curves correspond to the velocity profile of the HV and the AV, respectively.

IV. RESULTS OF HITL TESTS

Nine human drivers participated in the experiments;
two female and seven male subjects, all in the age group
24-30. Each of them performed the driving task for 79
control gain combinations of the AV. These combina-
tions cover the theoretical stability boundary, such that
there are more points within the relevant region of small
control gains than close to the calculated stability bound-
aries. The experiments were carried out according to the
principles of the Declaration of Helsinki, and the sub-
jects were allowed to withdraw from the research at any
time.

Fig. 4 presents the stability chart corresponding to the
measurement of subject #1, while the small panels show the
time signals in the case of ten particularly selected control gain
combinations of the AV. In the stability chart, the measurement
points are colored according to the root mean square (RMS)
of the velocity difference (v_; — v). Red circles refer to con-
trol gain combinations at which the AV performed saturated
braking, while red squares denote measurements when the AV
accelerated above 50 m/s. Finally, the red cross indicates that
the vehicles collided during the corresponding driving tasks.
In the small panels, the red and green curves refer to the
velocities of the AV and HYV, respectively, while the reference
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velocity is denoted with black dashed line. Furthermore, the
blue curves in the separate panels present the time evolution
of the headway /_; during the measurements.

In the case of AV gain combination A, the backward looking
control gain is set at S_; =0 s~!, that is, the AV is traveling
with a simple cruise control and it does not respond to the
velocity of the HV. In this case, the AV follows accurately the
reference, while the velocity of the HV has a slight overshoot.

At the points B-D, the control gain ratio ﬁ,l/ﬁ increases,
that is, the AV takes into account the velocity of the HV with
increasing weight, which yields larger and larger deviations
compared to the reference. First, this phenomenon helps the
human operator as the velocity profile of the AV becomes
smoother; however, excessively large deviations from the
reference should also be avoided.

Gain combinations £ and F are already outside of the
theoretical dynamic stability boundary, which is in accordance
with the oscillations in the velocity profile of the AV. During
the oscillations, the acceleration and deceleration of the AV
saturates, therefore, the amplitudes of the oscillations do not
increase. Furthermore, again, the ratio of the control gains
determines whether the velocity of the AV oscillates around the
velocity of the HV or around the reference velocity. Note that
the human operator does not respond to these high-frequency
oscillations. The corresponding theoretical model, discussed
in [24], predicts that the angular frequency of the oscillations
is Qavpred & m/(20). This corresponds to a time period of
Tprea = 1.6 s (that is, fyreq = 0.6 Hz), which is in accordance
with the measurement results.

In the combinations discussed so far, S_; was positive
yielding that the AV kept its velocity between the reference
velocity and the velocity of the HV. In contrast, if f_; < 0,
then the AV accelerates more aggressively than the reference
signal, which can be considered as if the AV tried to “pull”
the HV. However, in case of deceleration, the AV is braking
harder than it should, which yields situations as if the AV
performed a “brake checking” in front of the HV. Close to
the stability boundaries, this phenomenon sometimes leads to
collisions.

Point G is still within the stable domain, however, both the
velocities of the AV and the HV present significant deviations
from the reference. Combination H is close to the theoretical
double Hopf bifurcation point, which can be observed in the
measurement results as well. A low-frequency fi,w ~ 0.14 Hz
oscillation with large amplitude dominates the velocity profile
of the AV, however, around r = 20 s and after t = 35 s, one
can observe a high-frequency small-amplitude oscillation of
fhigh ~ 0.6 Hz as well.

Finally, points I and J yield strongly undesirable control gain
combinations. In the first case, the AV performs extremely
large amplitude oscillations, while in the second case, it
accelerates continuously without braking.

All in all, the human operator filters out the high-frequency
oscillations of the AV and sometimes applies a kind of act
and wait control [30]. Moreover, the human driving behavior
is not deterministic: facing twice the same situation yields only
similar but somewhat different responses. Still, the theoretical
stability boundary matches well with the experiments. This
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motivated us to fit the parameters of the theoretical model to
the measurement results.

The identification of the parameters in a delay-free system
has a broad literature [31], [32], [33]. However, the simulta-
neous estimation of the feedback gains and the delay is still a
challenging task [34], [35], [36], [37]. For the estimation of the
human control parameters, we apply the method of sweeping
least squares [20], which allows to fit the control gains
and the corresponding time delay, while the high-frequency
disturbances are filtered out.

Let us denote the kth sampling instance by #;, = kAt, at
which the state variables are

voilk] = voi(t), vIk] = v(z). (16)

Here, the headway is shifted with the hg, value, which allows
to obtain a linear right-hand side in (2). Using the explicit
Euler method, the discretization of (2) yields
vk + 1] = v[k]
MRS S s R
At

hot[k] = hoy(t) = hsiops

(Kfl_l[k -m]—v_ilk - m])
+ Bk —m] —v_ilk —m])

where m = round(7/Af) is the still unknown discrete delay.
Let us introduce the new variables

a7

a=-a-8, b=ak, c=p (18)

which form the unknown coefficients of the state variables v_j,
h_y, and v, respectively. Assume that the driver reaction time
is within the interval 7 € [T, Tmax] and discretize it with
the discrete delay m € {mmin, . .., Mmax}, Where Tmin = Mmin At
and Tyax = MmaxAt. Then, considering N + 1 data points over
the time window NAt, the gains corresponding to any discrete
delay m can be estimated as

Aes(M) .
besi(m) | = (PT(m)P(m))~ PT(m)Q (19)
Cest(m)
where
voilk = m) By [k — m] vk — m]
P(m)= : : :
volk+N-m] hoj[k+N-m] v[k+N—m]
(20)
and
| voilk + 11 = v_y[k]
Q= ~ : 21

voilk+ N+ 1] = v_i[k + N]

Note that the data size N should be larger than the maximum
discrete delay mpax.
We want to minimize the corresponding fitting error

Aesi(m)
Degi(m)
Cest(m)

R(m) = | P(m) -Q (22)

over the range of the potential discrete delays. Therefore, the
time delay is estimated as Teg = Mg Af, Where

Mesy = arg minR(m) (23)
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Fig. 5. Parameters estimated with the help of the sweeping least squares method corresponding to point H in Fig. 4.

TABLE I

AVERAGE OF THE ESTIMATED PARAMETERS FOR EACH SUBJECT

|

[ [l [ BI/s] ] w18 ]

S1 1.04 0.23 0.16 0.53
S2 0.76 0.22 0.60 0.77
S3 0.83 0.30 0.28 0.50
S4 0.68 0.24 0.38 1.04
S5 0.95 0.23 0.27 0.63
S6 0.83 0.20 0.23 0.66
S7 0.84 0.38 0.25 0.50
S8 0.88 0.25 0.24 0.57
S9 0.80 0.27 0.20 0.45
[ Mean [| 085 | 026 | 029 0.63
while the estimated control gains are
Qest = _aest(mest) - Cest(mesl)
_ Desi(Mest)

(24)

Best = Cest(Mest),  Kest =

Qest

The above described algorithm was carried out at every time
steps k > mpax. During the evaluation of the measurements,
the time delay was varied between Ty, = 0.2 s and Ty = 2 s.
Therefore, the discrete delay was selected from the set m €
{10,12,...,100} with Ar = 0.02 s. We considered Ao, = 0 m
as in [20] as well, although, this parameter may be important
in case of other traffic situations, for example, if the leading
vehicle stops. Finally, we used N = 500 corresponding to the
window size 10 s.

Fig. 5 presents the results of the sweeping least squares
method corresponding to point H of Fig. 4. The panels in the
first row show the variation of the estimated values in time.
The value calculated in each time window is displayed at the
time corresponding to the center of the window. The panels
in the second row present the distributions of the parameters
in normalized histograms. The time delay varies around T =
1 s, while it takes larger values during the first half and smaller
values during the second half of the measurement. This reflects
that the operator reacts faster during the deceleration period
(that may result in more dangerous situations) than during the

acceleration period. The control gains a.y and B.y vary around
0.2 s!, while the mean value of k. is somewhat higher. Since
the calculation of k. involves a division, it contains a few
singular data points but the vast majority of the points are
located between 0.25 and 0.75 s~'.

Note that the histogram of the time delay takes relatively
large values at the boundaries, which does not fit to the
distribution of the central part. The large column at 7ey =
Tmax = 2 S appears because of the “safety-critical filter” of
the human operator, that is, the operator did not aim to follow
immediately the acceleration of the AV or did not respond
immediately to the brake lights if the headway was large
enough. In contrast, the reaction time was small in case of
the safety-critical situations.

The column at Teg = Trin = 0.2 s indicates some question-
able data; the reaction time of the human operators—together
with the computer delay—cannot be as small as that. In [38],
the human reaction time was measured in a HITL environment
via two methods: an instant reaction test and a blank-out test.
With both methods, the reaction times were larger than 0.2 s.
Additionally, in these tests, the reaction times were measured
through the hands, while in the direction of the legs, it must
be even larger [39]. Clearly, the imperfection of the method of
sweeping least squares applied for the given limited amount
of data resulted in the tiny unrealistic column in the identified
delay distribution. Thus, the data points corresponding to
Test = Tmax anNd Test = Tmin and the corresponding @eg, Best,
and key values are not taken into account during the following
calculations.

All the nine human subjects performed the driving task
for the 79 control gain combinations of the AV and the
sweeping least squares method was applied for the data of
each measurement. Then, we determined the mean estimated
values for each subject examining the data obtained from the
79 points together, which is summarized in Table 1.

The estimated values are in the same range as it was
obtained in [20] based on experiments with real cars. There
is an interesting statement in [40] that a chain of HVs cannot
be string stable if the reaction time is larger than 7., = 1/(2«).
Here, subject #1 is at the border of this critical value. However,
the presence of the automated vehicle with appropriately
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Fig. 7. Comparison of the measurement results and the theoretical stability chart determined for the mean value of the estimated parameters of the nine
subjects (see Table I). The dashed and solid black lines present the static and dynamic stability boundaries, respectively. The measurement points are colored
according to the mean values of the nine subjects; the colorbars refer to the RMS of the relative velocities (a) (v — vief), (b) (V=1 — Veef), (¢) (v—1 — V), while

in panel (d) coloring reflects the total energy consumption.

tuned control gains can extend this boundary as it could be
predicted from the study [24], where the same car-following
configuration was analyzed.

Furthermore, Fig. 6 shows the normalized histograms which
include all the measurements of all the nine subjects; with the
red vertical lines indicating the mean values of the correspond-
ing parameters. The parameters g, Best> and keg have sharp
peaks close to the mean values. In contrast, although the time
delay distribution also has a peak at around 0.6 s, it is less
dominant, and the distribution is not symmetric but elongated
to the right. This phenomenon is known in the literature [41];
it is often approximated by gamma distribution and related to
the safety-critical response of the drivers discussed above.

Finally, the measurement points in Fig. 7(a)—(c) are colored
according to the RMS of the relative velocities (v —veef), (v_1 —
Vref), and (v_; —v), while in panel (d), the coloring reflects the
total energy consumption normalized by the weights of the
vehicles and by the distance traveled [8]

_ Jov®)g (v (6)) 6
[ivide

Here, we assume that braking does not require and does not
regenerate energy:

wi(1)

(25)

g(v;) = max {0, v;}. (26)

Red crosses indicate the control gain combinations, at which
at least one collision occurred, red circles denote the points,
at which the AV performed saturated braking in case of at
least two subjects, while red squares refer to combinations at
which the AV accelerated above 50 m/s. These critical control
gain combinations match well with the solid black curve of
the theoretical dynamic stability boundary that is obtained by
means of the mean estimated values of the human parameters
(see Table I).

In accordance with the expectations, the AV follows the
reference speed best when the backward looking gain is zero,

that is, the AV is not influenced by the HV. If 5_; dominates
over f3, the velocity of both vehicles deviate significantly from
the reference, which is in accordance with the proximity of
the static stability boundary at 3 = 0 [1/s]. In contrast, panel
(c) shows that positive values of the gain S_; help the human
operator to smoothly follow the lead vehicle. Finally, the large
values of the total energy consumption also cover well the
theoretical dynamic stability boundary, since the AV starts to
oscillate close to the boundary which significantly increases
the energy consumption.

V. CONCLUSION

The simplest scenario of mixed traffic was investigated
where an automated vehicle guided the motion of a HV. A
mathematical model was introduced to represent the human
behaviors and controller was proposed for the AV to respond
to a reference velocity and to the motion of the HV simul-
taneously. The model was validated using HITL experiments
where the human control parameters were carefully identified.

The experimental results imply that the theoretical stability
boundaries provide not only qualitatively but also quanti-
tatively appropriate restriction of the domain from where
the control gains of the AV should be selected. However,
according to the HITL experiments, the negative values of
the backward looking gain should be avoided. Furthermore,
during the tuning of the control gains of the AV, one should
balance between the smooth guidance of the human driver
and the accurate following of the reference velocity. Although
this balance is a difficult choice and the resulting performance
will vary from driver to driver, the control gain combination
B_i ~ 0.5 [1/s] and B ~ 0.5 [1/s] seems to be a reasonable
compromise.

In the future, we plan to explore further methods for
the estimation of the human parameters, which may lead to
improved results. For example, neural networks [36], [42]
and the Bayesian inference-based algorithms [35] have been
applied to problems where the time delay is a critical unknown
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parameter. In addition, the string stability of vehicle platoons is
also an important concern [15], [24]; it should be investigated
in field tests.

After the extensive HITL tests, experiments with real vehi-
cles in real environment should start when the human driver
also feels the variation in the reaction forces caused by the
vehicle’s acceleration/deceleration. This study provides a good
basis for that, since during real car experiments, one can focus
on the relevant domain of control gains only.
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