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Abstract—This paper studies to characterize driver driving
behavior or driver control structure in real time. The three
proposed methods use some of the signals such as the driver
actuation measurements, the relative ranges between a leading
and a following vehicle during a car-following maneuver, and the
vehicle dynamic responses such as the vehicle’s longitudinal
acceleration and deceleration. All the used signals exist in various
electronic control systems. Vehicle tests were conducted on a test
vehicle to illustrate the effectiveness of the proposed methods in
identifying aggressive and cautious driving behaviors.
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I INTRODUCTION

Driving vehicle involves non-monolithic systems such as
the driver, the host vehicle, the surrounding vehicles, the
environment, and the electronic control systems. Each of the
systems has its own information flow and physical subsystems.
The driving convenience, comfort, safety and fuel economy are
compromised if the coordination or integration among those
systems is poorly executed, whereas the integrated or well
coordinated systems can provide even more functionality and
performance than the simple sum of the constituent systems.
This system approach is a critical enabler for the further
advancement of automotive technology.

While the aforementioned needs require studying all the
interactions, this paper focuses on the interaction between
electronics and the driver. The electronic control systems
equipped with traditional mass produced vehicles target a
hypothetical nominal driver that represents a significant group
of customers. They are generally designed to be robust with
respect to any major driver deviations and are not considered
to adapt to the driving behavior or style in real time. The
driver is expected to accept and to adjust to the features,
functions, attributes, and assumed performance that are offered
by vehicle manufacturers.

Nowadays, the increased level of electronics, software,
computational and communication power enables a different
approach in which the electronic systems are transformed into
intelligent and flexible ones that can better tune and adapt to
the driver's wants. That is, we are observing an emerging trend
in the opposite direction - towards creating vehicles with
electronic control systems that are capable of sensing and
estimating driver's behaviors, desires, and intents and choosing
their own optimal control accordingly, i.e., there are
opportunities to create “driver-aware” vehicles to maximize
safety, performance, and comfort, while still leaving primary

controls to the driver. The flexibility, adaptation, and
intelligent features of the electronics presume a well defined
mechanism for estimation, model learning, and optimization.

Therefore, for a vehicle to be flexible and adaptable, it is
required the ability of its electronics to understand and
characterize the driver. That is, the electronic control systems
are able to develop realistic driver models in real time
describing the intents, preferences and actions of the diver.

The existing attempts to model driver behavior are
dominated by models that are inspired by control theory [1-5],
fuzzy models [6, 7], stochastic approximators such as
Ensemble Kalman Filters [8] and Hidden Markov Models [9,
10]. Although providing a high level of generalization of the
driver characteristics, these models are typically not used for
real time identification purpose but for the purposes of
obtaining a better understanding of the interaction between the
driver and the vehicle or for designing and testing purposes.

A real-time driver model can eventually enable electronic
control systems as cooperative agents to work with the driver,
at the same time, to adapt to the driver behavior for proper
support. For instance, driving behavior might be used to
prepare electronic control systems for earlier activation of
safety functions to help novice or aged driver avoid accidents.

Driver control structure or behavior may be characterized as
skill based, rule governed, and expressive activity based [11,
12]. A human driver can learn from his past experience, plan
before entering a hazard situation, detect system malfunction
based on the vehicle responses, conduct emergency
maneuvers, and adjust his controls based on driving
conditions. He can also make control decisions based on his
physical and emotional state, experience level, cognitive load,
and control capability. For instance, the driving behavior
compromising safe driving results in a significant amount of
U.S. accidents and traffic tickets. According to the National
Highway Traffic Safety Administration (NHTSA), those
behaviors might include following a car too closely, driving at
speeds far in excess of the norm, and changing lanes very
frequently and abruptly.

The current paper and its companion paper [13] suggest a
unique approach in which the driving behavior is deduced in
real-time through driver’s throttling, braking, car-following,
handling maneuvers, and the patterns of the driver actuation
requests. Some other driver behavior characterizations might
be found in [14-27].

The remainder of the paper is organized as follows. Section
I presents a brief discussion on the drive-in-the-loop system.
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Section III discusses identifying the unstructured driving
behavior during free form throttling. Section IV identifies a
fuzzy structure of the driving behavior during a car-following
maneuver. Section V studies identifying a PD feedback control
structure of the driver. Section VI concludes the paper.

II.  DRIVER BEHAVIOR FOR DRIVER-IN-THE-LOOP VEHICLE
SYSTEM

The attempt to obtain a realistic but computationally feasible
driving behavior model in real-time is a difficult if not
unrealistic task. While expansive devices can be used to
characterize a driver through direct measurements of a driver’s
facial expression, eye placement, heartbeat, blood pressure,
etc., in this paper, we focus on indirect methods using vehicle
dynamic responses measured through onboard sensors.

Namely, we are interested in the driver behavior relevant to
the control of vehicle dynamics. Since a vehicle is under the
influence of its driver and its electronic control systems, we
are dealing with identifying driver control structure in a driver-
in-the-loop system or identification using closed-loop system
identification techniques. Such a driver-in-the-loop system can
be illustrated in Fig. 1. The driver’s control decisions are a
result of a complex process driven by two main information
flows - a cognitive flow including the quantitative information
readily available to the driver through various sensors, control
and advisory systems (solid lines) and a subjective flow
including visual, perceptual, emotional, and experiential
factors that are processed in the driver's mind (broken line).
While the quantitative information flow is available to both the
driver and the electronic systems, the subjective information
flow is generally inaccessible to the electronic control systems
- a fact that is a major reason for the difficulties in obtaining
adequate driver behavior characterization. This fundamental
uncertainty is the main reason for us to focus on the partial
characterization of the driver's behaviors as they apply to
specific control context and goals: straight line driving,
handling, and car-following.
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Fig. 1. Cognitive (solid line) and Subjective (broken line) flow of

information in a driver — vehicle system.

Driver behavior can be thought as the control structure of a
driver or a collection of all his control intents in response to all
the driving conditions. Driver’s instantaneous intent can be
determined from a set of targets defining the speed and
direction of travel, performance, fuel economy, and control
actuations such as braking, throttling, and steering. Such a
driver intent is already used by the electronic control systems.

For instance, the driver actuation inputs are used in the
electronic stability control (ESC) to derive driver support
decision. When a vehicle does not follow the driver intent well
(e.g., driving on an ice or snow road), the ESC system will be
activated to enforce the vehicle to follow the driver intent. Not
all drivers know that their specific intents might not be
feasible for the driving conditions and might be problematic
for the electronics to follow. If the problematic intent can be
identified in advance, electronic control strategy might be
designed differently. For example, roll stability control (RSC)
[28] prevents a vehicle from following a very aggressive
driver steering intent so as to prevent a rollover. However not
all problematic intents can be identified by sensor
measurements without knowing the driver control structure.

Notice that driver control structure or driving behavior can
be characterized from many different angles, for instance, a
road rage driver might show the behavior of: pursuing a
vehicle, flashing head light, forcing a car off the road, forcing
a car to pull over, verbal abuse, bumping into another car,
tailgating, abrupt braking or slowing, deliberate obstruction,
cutting off or swerving in front of another vehicle, etc. This
paper and its companion [13] focus on some driver behaviors
related to the normal driving conditions.

III. UNSTRUCTURED DRIVER BEHAVIOR CHARACTERIZATION

During a normal driving maneuver, driver’s long term
longitudinal vehicle control behavior might be used to
determine the driving behavior regardless the vehicle’s
dynamic response. For instance, a driver can exhibits a
specific longitudinal control pattern during driving on a
highway for a long period of time. His acceleration pedal
activation pattern can be smooth or abrupt even he is away
from any emergency condition. The variability of the pedal
and its rate change can be used to differentiate the smooth
application from abrupt application. Such a smooth or abrupt
application shows strong correlation with fuel economy and
acceleration performance when driving condition is
unconstrained.  Identifying such driving behaviors can be
used, for instance, for fuel economy minder purpose. Anomaly
(novelty) detection can be used to estimate major changes in
the overall variability of the control actions indicating changes
in corresponding behaviors.

Anomaly detection is a well established technique that puts
a major emphasis on the continuous monitoring, machine
learning, and unsupervised classification to identify a trend of
departure from a normal behavior and predict a potential
significant change. The determinant of the covariance matrix
of the population of driver's actions is used as a measure of the
generalized variance (spread) of the population, hence as an
indicator for a change in the driver's behavior.

The feature space of driving torque request 7, and its
derivative is spanned by the vector y=[r,7,] . The
determinant D of the covariance matrix of the population can
be recursively calculated as

D =(0-a) D(-a+(y -v)Q Wy -v)) M
with
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v,=0-a)y, +ay,

0, =U -Gy ~v)Q(1-a)" 2)

Gy =0,y —v) al—a+a(y, —v)O,(y, —v)")"
where Vv, is a filtered version of y, , Oy is the estimated

inverse covariance matrix, and « is a constant which reflects
the forgetting factor related to the filter memory depth.

D, thus computed in (1) has initial means and standard

deviations for abrupt and smooth type of behaviors. The
instantaneous behavior is classified as abrupt if its value is

it is classified as smooth if its

/

abrupt

higher than a control limit labmp,

value is lower than a control limit and u are

smooth * smooth

defined as | =, _3¢ U =u +3c where

abrupt abrupt abrupt 2 smooth smooth smooth

are the mean and the standard deviation of the

abrupt

H abrupt and o

and o

smooth smooth

abrupt behavior class; g are similarly defined as

parameters for the smooth behavior class. If the current
behavior is classified as either "abrupt" or "smooth", the
corresponding mean and standard deviation of the matching
behavior are recursively updated:

Wea = (l_ﬂ)wk +ﬂDk+l
H_ =(0=-pH +(B-p D, -w) (D -w) (3

1/2
O = (Hk+1)

where w and H are the estimated mean and variance and £ is
another forgetting factor.
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Fig. 2. Determinant of smooth (dotted lines) and abrupt (solid lines)
driving behaviors

The scatter in Fig. 2 shows the determinant of the
covariance matrix from the vector of the acceleration pedal
position and its rate change for 8 runs of vehicle tests. The 4
runs with solid lines of determinant in Fig. 2 were for abrupt
acceleration pedal applications where the determinant of the
covariance shows large value, for instance, greater than 7. The
4 runs with dotted lines of determinant in Fig. 2 were for
smooth acceleration pedal applications where the determinant
of the covariance shows very small value, for instance less
than 4. Hence the size of the determinant shows the unique
informative patterns which can be used to identify the smooth
driving behavior from the abrupt driving behavior. Since
interactions between the driver and the driving environment
consists of frequent vehicle stops with varied durations,
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suspense of the continual updating is required to prevent

numerical problems during recursive computation. The

following suspension conditions are used:

e If the vehicle speed is lower than 1 mph, vehicle speed
and acceleration related recursive calculations are
suspended.

e If the accelerator pedal position is lower than 1%, pedal
related recursive calculations are suspended.

Although the above deviation focuses on the acceleration
pedal, it can be easily applied to braking case. Since sudden
aggressive braking can happen during emergency situations,
which are not necessary the indication of the driver’s typical
driving behavior, therefore, the conditions used for
computation screening during driver braking is the quasi-
steady state driving where both braking is not at its extreme
value.

During transient acceleration and deceleration, certain
wheels of the vehicle might experience large longitudinal slip
and the tire longitudinal forces of those wheels reach their
peak values. Such conditions can be identified through
monitoring the rotational motion of the individual wheels in
relation to the vehicle's travel velocity, and consequently the
driver behavior during transient maneuvers can be determined
as in [13].

IV. SEMI-STRUCTURED DRIVING BEHAVIOR
CHARACTERIZATION

While the last section considers the unconstrained driving
condition where only the driver’s control application is used to
learn the driver behavior, in this section, we will study the
fuzzy structure of the driver behavior during a constrained
driving condition such as a car-following maneuver.

Although not all the inputs to the driver are accessible by
electronic control systems, certain variables construct an
input-output pair that might be used to deduce control
structure of the driver. For example, during a car-following
maneuver, the relative distance between the leading and
following car and the driver's braking and throttle requests are
usually well coordinated. Here we consider using a Tagaki-
Sugeno (TS) model to relate the variance of the driver’s
braking and throttling commands to the relative range and
velocity between the leading and the following car.

For determining the driver aggressiveness or cautious style,
the fuzzy system utilizes the signal conditioned mean driving
headway (gap-time) relative to other vehicle, as well as the
standard deviation of the rate changes of the accelerator pedal
and brake pedal. The Driver Index value from fuzzy
computation and rule evaluation determined the
aggressiveness of the driver based on car following, vehicle
speed and the driver’s control actions on acceleration and
deceleration.

For real-time vehicle implementation, the recursive
estimation of the mean and variance of a variable of interest is
applied. The signal conditioned average mean gap-time at
sample time k can be computed as

8 = &k +a(Ask /ka _gm) “



where As, is the relative distance between the leading and the
following vehicle and v, is the velocity of the following

vehicle. « is a filter coefficient similar to the one used in (2).
Fig.3 shows the mean gap-times computed from two runs of
vehicle testing: one for aggressive driving and the other for
cautious driving.

The acceleration pedal rate mean can be computed as

4 Aggressive

Mean Gap Time (secs)
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Fig. 3. Mean gap time for aggressive/cautious driving
P = Pi +a((pk _pkfl)/AT_ﬁkfl) ®)
where p is the acceleration pedal mean and AT is the
sample time. The corresponding variance can be computed as
v =av_ +(1-a)(p-p) (6)
and the standard deviation is obtained from the square-root of

the variance. Fig. 4 shows the standard deviations of two runs
of test data for aggressive and cautious driving.
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Fig. 4. STD of acceleration pedal rate for aggressive/cautious driving

Similar to (5) and (6), the mean and the variance of the
brake pedal rate change can be computed. Fig. 5 shows the
standard deviations of two runs of test data for aggressive and
cautious driving.

The variables are first normalized before presenting to the
fuzzy inference system. The fuzzy sets and membership
functions were determined for the features to transform the
crisp inputs into fuzzy terms. The mean gap-time fuzzy set G;
is defined by

G, =1(g. u(g) | geG} (M

where G is given by the bounded collection of gap-times g in
the vehicle path. The gap-time membership function u is

chosen to be a Gaussian function.

A zero-order TS model was used to compute the driver
index level. A normalized output scale from 0-1.0 represented
the levels from cautious to less aggressive to aggressive
driving behavior. The driver index is obtained from fuzzy
computation and rule evaluation. Table 1 shows the used rules.
Notice that a higher gap-time is relatively more safety
conscious compared to a lower gap-time. Fig. 6 shows the
driver index computed from two runs of vehicle testing data:
one for aggressive driving with driver index above 0.8 and the
other for cautious driving with driver index less than 0.2.
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Fig. 5. STD of brake pedal rate for aggressive/cautious driving
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Fig. 6. Driver index for aggressive (top) and cautious (bottom)
driving

Table 1. Rules for driving behavior characterization

If gap-time | If accel pedal If brake pedal | Then driver

is rate STD is rate STD is index is

Low Low Low Less Aggressive
High Low Low Cautious

Low High Low Aggressive
Low Low High Aggressive
Low High High Aggressive
High High High Less Aggressive
High Low High Cautious

High High Low Less Aggressive
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V.  STRUCTURED DRIVER BEHAVIOR CHARACTERIZATION

While the fuzzy structure of driver behavior provides certain
control structure of a driver during car following maneuvers, it
does not fully utilize the vehicle dynamic response
information. The car-following task requires the driver to
maintain with the leading vehicle one of the followings (i)
zero speed difference; (ii) a constant relative distance between
the leading and the following; (iii) a constant relative gap-time
defined by the division of the relative distance by the relative
velocity.

Based on [15], a human driver can be modeled as
mimicking a PD feedback controller. The closed loop system
during a car following maneuver might be expressed as

(¥ -% -X)=—c( —% -x)-c(x —-x, -%) (8)
where x, and x, are the leading and the following vehicle

travel distance and Yg is the gap offset reference.

Due to the implementation of radar used in vehicles
equipped with adaptive cruise control function, the relative
distance and velocity are measured and defined as

Av=x-x_(9)
The vehicle equipped with stability controls

As=x -x,
has a
longitudinal accelerometer with output a, which measures

¥, . (8) can be further expressed as
a, =c (Av=X)+c (As—X,)+(i —x) (10)

The unknown parameters ¢, and ¢, in (13) can be used to

characterize a driver’s control structure during a car following.
Using the low-pass filtered As and Av to replace the gap

offset reference X, and its derivative Ye and considering the
time delays, we have the following equations
a, = c,[As, —p (As)]+c [Av, — p (AV)]+w
1, (As) , ,(As) As, 11
=(l-a) +a
4, (Av) 4, (Av) Av,
where subscript 7 in a, reflects the time delay between the

driver's braking/throttling actuation and the measured relative
distance and velocity and the acceleration, « is a low-pass
filter coefficient similar to the one used in (2), and w is a
high frequency uncertain signal that might be treated as a
white noise. Using a conditional least square identification

algorithm, ¢, and ¢, can be identified in real-time from (11).
The response time ¢ » and the damping ratio ¢ of the driver-
in-the-loop system can be related to ¢, and ¢, as

[ =2mc I\Jde,~ct, c-c /2 (12)

which can deduce the driver’s driving behavior: (i) for a
normal driver, it is desired that the transient response of the
driver-in-the-loop system be sufficiently fast (sufficiently

small 7 p) and damped (sufficiently large ¢); (ii) for an aged

or a driver with physical limitation, # » might be very large;
(iii) for an aggressive driver, ¢ is likely to show a small
value, such as one less than 0.5, and the system response
yields excessive overshoot; (iv) for cautious driver, ¢ is likely
to show a reasonably large value, such as one greater than 0.7.

A least-square parameter identification was implemented

for calculating ¢, and ¢, . Two runs of vehicle testing were
conducted. In the 1% testing the driver in the following car

tried to use aggressive throttle and braking to achieve constant
relative gap-time between his vehicle and a leading vehicle,

which led to larger range error As, — p, (As), see Fig. 7. The

identified ¢, is around 0.2 and c_ around 0.05, see Fig. 8. The

damping ratio thus computed from (12) showed a value less
than 0.5, which is an indication of a light damping driver-in-
the-loop system, hence corresponding to aggressive driving
behavior.
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Fig. 7. Relative range between the leading and following car
for an aggressive driving
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Fig. 8. The identified parameters c, and ¢, with damping ¢

for an aggressive driving of relative range in Fig. 7
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Fig. 9. Relative range between the leading and following car
for a cautious driving

In the 2nd run of the vehicle testing, the driver was using
cautious throttle and brake application to achieve car

following, the relative range error As, — u, (As)in Fig. 9 had

2093



less magnitude in comparison with the one shown in Fig. 7.
The identified ¢, and c, are depicted in Fig. 10. The damping

ratio showed a value above 0.8 except during the first 150
seconds, see Fig. 10. This is an indication of a heavy damping
driver-in-the-loop system, hence corresponding to a cautious
driving behavior.

Identified parameetrs c_.c,. & &

0.5

0.4

0.3

0.1

150 200 250 300 350 400
Time (sec)

Fig. 10. The identified ¢, and c, with damping ¢ for a

cautious driving of relative range in Fig. 9

VI. CONCLUSION

This paper discusses three methods to characterize driving
behavior. The 1% method uses only the driver’s actuation
requests to capture the long term driving pattern, which is an
unstructured approach to capture the driver’s average control
structure. The 2™ method uses the input-output relationship
between the driver’s actuation requests and the relative rage
between the leading and the following car during a car-
following maneuver to construct a fuzzy structure of the driver
control. The 3™ method identifies the PD control structure of a
driver during a car-following maneuvering by using the input-
output relationship between the vehicle’s dynamics response
(vehicle’s longitudinal acceleration and decelerations) and the
relative range between the leading and the following car. Each
of the methods has its own merit for real-time implementation
and has its own operation range. While the paper provides
practical treatment that can be used to typify specific driver
characteristics with respect to certain set of objectives, e.g.
fuel economy, performance, traffic, vehicle handling, etc., a
more detailed study of the structure and parameters of a
generic model for driver characterization will be the subject of
future work.
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