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A Vehicle Stop-and-Go Control Strategy based on Human
Drivers Driving Characteristics
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A vehicle cruise control strategy designed based on human drivers driving characteristics has
been investigated. Human drivers driving patterns have been investigated using vehicle driving
test data obtained from 125 participants. The control algorithm has been designed to incorporate

the driving characteristics of the human drivers and to achieve natural vehicle behavior of the
controlled vehicle that would feel comfortable to the human driver. Vehicle following charac-
teristics of the cruise controlled vehicle have been investigated using real-world vehicle driving

test data and a validated simulation package.
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1. Introduction

Vehicle longitudinal control for application
to automated highway systems has been in prog-
ress for several decades. Driver assistance sys-
tems (DAS) like ACC (Adaptive Cruise Con-
trol) have been active topics of research and de-
velopment since the 1990’s with significant prog-
resses in sensors, actuators, and other enabling
technologies (Yamamura et al.,, 2001 ; Weinber-
ger et al,, 2000 ; Venhovens et al., 2000 ; Fancher
et al., 2000 ; Hedrick et al., 1991). The goal of a
Stop and Go Cruise (SG) system is a partial
automation of the longitudinal vehicle control
and the reduction of the workload of the driver
at low vehicle speeds all the way down to zero
velocity in busy urban traffic. Since the DAS
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always work with a human driver co-existing, the
ACC or SG system must be useful to the driver
and the system’s operation characteristics need
to be similar to normal driving operation of the
human driver. Therefore, the first step in design-
ing a vehicle-following control strategy for ap-
plication to SG systems is to analyze driving be-
havior characteristics of human drivers (Yama-
mura et al,, 2001).

Human drivers’ driving characteristics in vari-
ous scenarios has been analyzed and based on
the analysis a control system capable of modeling
those characteristics accurately has been con-
structed to provide natural vehicle behavior in
low-speed driving (Yamamura et al., 2001). The
time gap (TG) and the time-to-collision (TTC)
have been used in the analysis of driving behav-
ior characteristics when following a preceding
vehicle (Yamamura et al., 2001). Driver behav-
ior in adjusting the clearance during vehicle fol-
lowing was analyzed by focusing on the target
clearance deviation for application to an ACC
design (Iljima et al., 2000). A longitudinal driver
model has been developed based on real-world
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driving data and has been used to evaluate the
impact of ACC vehicles on traffic flow (Peng,
2002). An adaptive-fuzzy controller for ACC
has been proposed by Holve et al.(1995). The
type of driver parameter has been introduced
and has been used to adapt the controller for
enhancement of the driver acceptance (Holve et
al., 1995).

In this paper, a driver-adaptive control strate-
gy for stop-and-go systems is proposed. Human
drivers’ driving characteristics have been analyz-
ed using real-world driving data on normal road
conditions. The vehicle longitudinal control algo-
rithm developed in our previous research (Yi et
al., 2001 ; 2002) has been extended based on the
analysis to incorporate the driving characteris-
tics of the human drivers into the control strategy.
A driving characteristic parameters estimation
algorithm has been developed. The driving char-
acteristics parameters of a human driver have
been estimated during manual driving using the
recursive least-square algorithm and then the
estimated ones have been used in the controller
adaptation. The vehicle following characteris-
tics of the SG vehicles with and without the driv-
ing behavior parameter estimation algorithm have
been compared to those of the manual driving.

2. Driving Characteristics
of Human Drivers

Human drivers driving characteristics have
been analyzed using real-world driving data. The
objectives of the analysis are to find good char-
acteristic parameters of the human drivers and
to develop a vehicle following control algorithm
which provides natural vehicle behavior that
would feel comfortable to the driver.

Figure 1 shows a test vehicle used in this study.
The vehicle is equipped with a millimeter wave
(MMW) radar sensor, accelerometers, a brake
pedal force sensor, a data logging computer and a
display monitor. Range and range rate have been
measured using the MMW radar sensor. Vehicle
speed, engine RPM, turbine speed of the torque
converter, throttle position and gear status have
been obtained from engine control unit (ECU) via

CAN (Controller Area Network).

Of the alternative spacing policies for vehicle
following, constant time gap policy and constant
clearance policy have received considerable at-
tention in the literature (Chien et al., 1994 ; Yi et
al., 2001). It has been revealed from the analysis
of the vehicle driving test data that a combination
of the constant time gap policy and the constant
clearance policy (Yi et al, 2002) can represent
the driving behavior of human drivers. The actual
clearance, ¢, of human drivers during front vehi-
cle following in the driving tests can be modeled

as follows :
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Fig. 1 Test vehicle for analysis of driving behavior

characteristics of human drivers
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Fig. 2 Time-gap of human drivers
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Table 1 Measured time gaps and minimum

clearances
ime- in. Cl
Human Driver Time-gap Min. Clearance
[seconds] [m]
Driver 11 0.67 2.25
Driver_12 1.25 4.30
Driver 13 170 | 1.64
c=vp T+ (1)

where 7 is the time gap, and ¢o is the minimum
clearance to be maintained when the vehicle speed
is zero.

Time-gaps for twenty human drivers are com-
pared in Fig. 2. The square and triangle indicate
mean values for male and female drivers, respec-
tively. The upper and lower bars indicate the
maximum and minimum values of the time-gap
when the inverse TTC is less than & which is a
small constant.

The estimated time gaps and minimum clear-
ances for three drivers are compared in Table 1.
Time gap varies from 0.67 to 1.70 seconds and the
minimum clearance from 1.64 to 4.30 meters.

Based on the analysis of the driving test data,
the driving scheme of a human driver can be
figured out as illustrated in Fig. 3. The desired
clearance of a driver can be represented as the
solid line of the equation (1). It is interesting to
note from the data shown in Fig. 3(a) that the
state space of the clearance and the velocity can
be divided as three regions, i.e., pursuit (throttle
control), dangerous (brake control) and com-
fortable (following) zones as shown in Fig. 3(b).
The desired clearance varies depending on the
type of the drivers, road conditions, weather, etc.
The SG cruise controller should be designed so
that the natural vehicle behavior that would feel
comfortable to the driver can be achieved. There-
fore, the control scheme of the SG cruise control-
ler should be similar to the driving scheme of the
driver illustrated in Fig. 3(b). Since the char-
acteristic parameters, the time gap and the mini-
mum clearance, are driver dependent, they need to
be adapted during manual driving in order to
achieve natural vehicle behavior that would not
feel strange to the driver.
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Fig. 3 Driving scheme of a human driver

Figure 4(a) shows a comparison of preceding
and subject vehicle speeds during following. Fig.
4(b) and (c) show the trajectories of the inverse
of the time to collision (77C™1) and the time
gap (TG) during front vehicle following from 0
to 40 seconds and from 40 to 60 seconds, respec-
tively. The time to collision is defined as

TTC=—5— (2)
Ve—Up
In a case that the preceding vehicle velocity is
constant, the trajectory ultimately converges to
TG = TGesirea and TTC'=0, and the host ve-
hicle follows the preceding vehicle at nearly a
constant time gap (Yamamura et al, 2001). It
can be observed from Fig. 4{a) and (c) that the
preceding vehicle velocity varies in a small range
from 40 to 60 seconds and the trajectory remains
in a small region in the T7C™'-TG space dur-
ing the period in which the preceding vehicle
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Fig. 4 Comparison of preceding and following ve-

hicle velocities and Time gap versus the in-
verse TTC trajectories during vehicle follow-
ing

velocity does not vary significantly. Therefore the
time gap maintained in this period can be con-
sidered as the desired time gap of the driver.

3. Driver Adaptive
Control Strategy

A two-step design approach has been used in
the design of the vehicle longitudinal control al-
gorithm. Firstly, the desired acceleration has been

designed based on the distance control algorithm.
Secondly, the throttle/brake control laws were
designed so that the actual vehicle acceleration
tracks the desired acceleration profile.

For a stop-and-go vehicle, the vehicle follow-
ing control objective is to track any bounded acc-
eleration and velocity of its predecessor with a
bounded spacing and velocity error and to main-
tain a minimum safe clearance when the vehicle
stops. The desired clearance, cq4, is defined as
follows :

Ca=vp T+ 0o (3)

where 7 is the time gap, and ¢, is the minimum
clearance to be maintained when the vehicle speed
is zero. The desired acceleration of the SG vehicle
is designed based on the clearance and relative
speed measurements as follows (Yi et al., 2001):

adeszkl(cd_c) “kZ(Up—Uc) (4)

where ki and k; are the gains, ¢ is the actual clear-
ance, and vp and v, are the velocities of the pre-
ceding vehicle and the controlled, i.e., the SG
vehicle, respectively. The gains can be chosen by
alternative design methods and the gains has been
determined using a design method based on op-
timal control theory.

Figure 5 shows a block diagram of the vehicle
longitudinal control algorithm with driving be-
havior parameter estimation for application to
S&G cruise control. The driver parameter adap-
tation algorithm estimates the time gap and mini-
mum clearance of the driver using the measures
clearance and preceding vehicle velocity. The es-
timated values are updated during the driver dri-
ves the vehicle and kept constants when the vehi-
cle is controlled by the controller. The desired
acceleration is computed based on the preceding
vehicle velocity, the estimated time gap and mini-
mum clearance. Control inputs to the throttle/
brake actuators are determined by the throttle/
brake control algorithm so that the vehicle accel-
eration tracks the desired acceleration as closely
as possible.

As described in section 2, the driving behavior
characteristics of the human drivers can be para-
metrized using the time gap and minimum clear-
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Fig. 5 A block diagram of the vehicle longitudinal
control algorithm with driving behavior para-
meter estimation

ance. Therefore, the desired clearance can be mo-
dified to incorporate the driving characteristics
of a human driver into the control algorithm as
follows :

Cd=vp'§1+9z (5)

where &, and , are the estimated time gap and
minimum clearance, respectively. They are com-
puted during the human driver drives the vehicle,
i.e., during manual driving, using the recursive
least-square algorithm as follows :

s B +PR R (R - RBU-1) ITIC e 5

G(k)—{ Ble-1y atherwise H0=h(6)
! plh-1) plk) " (k) Ple-1) -
Pk) —}'(D(k’l\) ‘(m)), PO=P>0 (7)
v(k)=0"(k)-6(k) (8)
' (k) =lo @] =[vp(k) 1] 9)
_ th 1T

O[]

where A is forgetting factor, y(£) is the actual
clearance measured by the millimeter wave radar
sensor and v, (%) is the velocity of the preceding
vehicle and is computed from the controlled ve-
hicle velocity and relative velocity measurements.

Since the driving behavior characteristic parame-
ters, rand ¢, are time varying depending on the
driver type, road conditions, and weather, etc, the
least-square with forgetting factor algorithm has
been used to prevent covariance wind-up prob-
lem.

As illustrated in section 2, since the time gap
when the trajectory remains in a small region in
the TTC™'-TG space can be considered as the
desired time gap of the driver, the estimated para-
meters, O, are updated only when TTC™' is
small, i.e.,

| TTCt|<e (11)

where ¢ is a small constant. In this study £=0.05
has been used.

4, Evaluation of the Driver-Adaptive
Controlier

Vehicle following characteristics of the SG
vehicle with the driving behavior parameter esti-
mation have been investigated using vehicle dri-
ving test data and a validated simulation package
(Yi et al,, 2001 ; Lee and Yi, 2002). Since it is
not easy to reconstruct exactly the same driving
situations such as the preceding vehicle speed
profile and initial conditions, etc., in actual vehi-
cle tests, the preceding vehicle speed profiles mea-
sured in the manual driving tests have been used
in the 8G vehicle simulations and then the vehicle
following characteristics of the SG vehicles with
and without the driving behavior parameter esti-
mation algorithm have been compared to those of
the manual driving.

Figure 6 shows the time histories of the esti-
mated characteristics parameters for two human
drivers and estimation signals. The estimated time
gaps for driver 1 and driver 2 converge to 0.89
seconds and 1.42 seconds, respectively. It has been
shown in Fig. 6{(b) that the estimated minimum
clearances are 2.1 and 1.6 meters for the driver |
and 2, respectively.

Figure 7 shows comparisons of vehicle speeds
and clearances in a case of vehicle following.
‘Human Drive’ indicates the manual driving test
data. ‘SG (Adaptive)’ and ‘SG (Nominal)’ in-
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dicate simulation results for the controlled ve-
hicle with the adaptive control law and the one
with the control law without adaptation, respec-
tively. The preceding vehicle speed used in the
SG vehicle simulation study is the measured one
in the manual driving tests. In the case of the ‘SG
(Nominal)’, the constant ‘nominal’ time gap of 1.
2 seconds and minimum clearance of 2 meters
have been used. The nominal values have been
used in vehicle tests for the evaluation of the
performance of the ACC/SG vehicle (Yi et al.,
2001 ; 2002). In the case of the adaptive control,
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Fig. 6 Time histories of the estimated characteristics
parameters for two human drivers and esti-
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Fig. 7 Comparisons of vehicle speeds and clearances
in a case of vehicle following

the estimated time gap of 0.86 seconds and the
estimated minimum clearance of 2.28 meters have
been used. The control gains, &y and k&, have been
chosen, firstly, using optimal control theory and,
then, fine-tuned in the vehicle tests taking into
account ride comfort of the controlied vehicle
(Yi et al., 2002).

It is illustrated in Fig. 7(a) that vehicle speeds
of the SG vehicle in both the adaptive and nomi-
nal cases are very close to that of manual driving.
It can be noted from Fig. 7(b) that the clearance
of the adaptive SG vehicle is quite close to that of
the manual driving while there exist noticeable
differences between the clearance of the nominal
SG vehicle and that of the manual driving.

Time histories of the throttle angle, brake tor-
que and vehicle longitudinal accelerations for
the case illustrated in Fig. 7 have been compared
in Fig. 8(a), (b) and (c), respectively. As can be
seen in the Fig. 8(a) and (b), the throttle and
brake timing and magnitude of the SG con-
trolled vehicle are similar to those of the manual
driving. It can be noted from Fig. 8(c) that also
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Table 2 Comparison of RMS velocity and RMS
Clearance Errors

SG (Adaptive)

SG (Nominal)

RMS Velocity
Error [m/s] (%)
RMS Clearance

Error [m] (%)

1.03 (88.1%) 1.17 (100%)

1.19 (39.6%) 3.01 (100%)

the acceleration characteristics are similar for
both cases.

RMS velocity and clearance errors between the
controlled SG vehicle and the manual driving in
the case shown in Fig. 7 are compared in Table 2.
The errors indicate the deviation from the manual
driving and a small error can be interpreted as
driving characteristics similar to those of manual
driving and more natural vehicle behavior. It has
been indicated that 60% of the RMS clearance
error has been reduced by the use of the driver-
adaptive control algorithm. Although a quantita-
tive evaluation for the effect of the adaptive con-
trol on improving comfort of the driver or driver
acceptance has not been performed, it can be ex-
pected that the more natural and more comfort-
able vehicle behavior would be achieved by the
use of the driver-adaptive SG control algorithm.

5. Conclusions

Human drivers’ driving behavior characteristics
has been analyzed based on real-world driving
data and a driver-adaptive control algorithm for
vehicle stop-and-go systems has been developed.
The control algorithm has been designed to in-
corporate the driving characteristics of the human
drivers into the control algorithm and to achieve
natural vehicle behavior of the SG controlled
vehicle that would feel comfortable to the human
driver. The driving characteristics parameters of
a human driver have been estimated during man-
ual driving using the recursive least-square algo-
rithm and then the estimated ones have been used
in the controller adaptation.

It has been shown that the behavior of the
SG vehicle with the adaptive control algorithm
is close to that of human driven vehicles and the

difference between the clearance of the human-
driven vehicle and that of the SG vehicle in ve-
hicle following cases can be significantly reduc-
ed by the use of the driving behavior parameter
estimation algorithm. It can be expected that
the more natural and more comfortable vehicle
behavior would be achieved by the use of the
driver-adaptive SG control algorithm. Quantitat-
ive evaluation on the effect of the adaptive con-
trol on enhancing driver acceptance is the topic
of future research.

Acknowledgments

This work has been supported by the Ministry
of Science and Technology of Korea in the form
of NRL program (M 1030200000903J000000610) .

References

Iljima, T., Higashimata, A., Tange, S., Mizo-
guchi, K., Kamiyama, H., Iwasaki, K. and Egawa,
K., 2000, “Development of an Adaptive Cruise
Control System with Stop-and-Go Capability,”
SAE Paper No. 2000-01-1353.

Chien, C. C., Ioannou, P. and Lai, M. C., 1994,
“Entrainment and Vehicle Following Controllers
Design for Autonomous Intelligent Vehicles,”
Proceedings of the 1994 American Control Con-
ference, pp. 6~ 10, Baltimore, Maryland.

Fancher, P. et al., 2000, “Human-Centered
Design of an ACC-with-Braking and Forward-
Crash-Warning System,” Proc. Of AVEC2000,
5™ International Symposium on Advanced Vehi-
cle Control, 2000, Ann Arbor, Michigan, USA.

Fenton, R. E. and Bender, J. G., 1969, “A Study
of Automatic car following,” IEEE Trans. On
Vehicle Tech., VT-18(3).

Germann, St. and Isermann, R., 1995, “Non-
linear Distance and Cruise Control for Passenger
Cars,” Proceedings of the 1995 American Control
Conference, pp. 3081~ 3085, Seattle, Washington.

Hedrick, J. K., McMahon, D., Narendra, V.
and Swaroop, D., 1991, “Longitudinal Vehicle
Controller Design for IVHS Systems,” Proceed-
ings of the 1991 American Control Conference,
pp. 3107~3112, Boston, Massachusetts.



1000

Holve, R., Protzel, P., Bernasch, J. and Naab,
K., 1995, “Adaptive Fuzzy Control for Driver
Assistance in Car-Following,” Proceedings of the
3™ European Congress on Intelligent Techniques
and Soft Computing-EUFIT95, Aachen, Ger-
many, pp. 1149~1153.

Lee, C. and Yi, K., 2002, “An Investigation of
Vehicle-to—Vehicle Distance Control Laws Using
Hardware-in-the Loop Simulation,” Journal of
KSME, Part A, Vol. 26, No. 7, pp. 1401~ 1407.

Peng, H., 2002, “Evaluationof Driver Assist-
anceSystems-A Human Centered Approach,”
Proc. Of AVEC2002, 6™ International Sympo-
sium an Advanced Vehicle Control, Japan.

Rajamani, R., Choi, S.B., Hedrik, J. K. and
Law, B., 1998, “Design and Experimental Imple-
mentation of Control for a Platoon of Automated
Vehicles,” Proc. of the ASME Dynamic Systems
and Control Division, ASME, pp. 681~689.

Shladover, S. E., 1978, “Longitudinal Control
of Automotive Vehicles in Close-Vehicle Forma-
tion Platoons,” JDSMC 100, pp. 302~310.

Venhovens, P. et al., 2000, “Stop and Go Cruise
Control,” Proc. Of Seoul 2000 FISITA World
Automotive Congress, June 12-15, Seoul, Korea.

Kyongsu Yi and Donghoon Han

Weinberger, M. et al., 2000, “Adaptive Cruise
Control Long-Term Field Operational Test,”
Proc. Of AVEC2000, 5 International Sympo-
sium on Advanced Vehicle Control, Ann Arbor,
Michigan, USA.

Yamamura, Y., Tabe, M., Kanehira, M. and
Murakami, T., 2001, “Development of an Adap-
tive Cruise Control System with Stop-and-Go
Capability,” SAE Paper No. 2001-01-0798.

Yi, K. and Kwon, Y., 2001, “Vehicle-to-Vehi-
cle Distance and Speed Control Using an Elec-
tronic Vacuum Booster,” JSAE Review 22,
pp. 403~412.

Yi, K., Hong, J. and Kwon, Y., 2001, “A
Vehicle Control Algorithm for Stop-and-Go
Cruise Control,” Journal of Automobile Engi-
neering, Proceedings of the Institution of Mec-
hanical Engineers, Vol. 215, Part D, pp. 1099~
1115.

Yi, K., Yoon, H., Huh, K., Cho, D. and Moon,
1., 2002, “Implementation and Vehicle Tests of
a Vehicle Sto-and-Go Cruise Control System,”
Journal of Automobile Engineering, Proceedings
of the Institution of Mechanical Engineers Part D,
Vol. 216, Part D, pp. 537~544..



