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Abstract

Many automobile manufacturers have recently included or
will soon include Adaptive Cruise Control (ACC) systems in
some vehicles. The operational limit of ACC-generated (hard)
braking is a critical factor determining the human driver’s
interaction with the automation. Using a satisficing-based
multiple mental model perspective, we generate a character-
ization of the natural onset of human-generated braking. We
hypothesize that effective human interaction with an ACC sys-
tem, that is, an interaction resulting in safe and comfortable
transition from ACC to human control via human interven-
tion, is achieved when (a) the onset of automated braking
matches that of a skilled human operator and (b) a human
driver can easily detect and interpret the operational limits of
ACC-generated braking. This hypothesis, which is supported
by experimental evidence obtained from both driving simula-
tor and test track studies, implies that effective ACC designs
should perform braking by either (a) matching human behav-
ior or (b) augmenting human ability to detect and interpret
the operational limits of ACC-generated braking through a
surrogate such as a warning.

1 Introduction

Adaptive Cruise Control (ACC) is perhaps the feature of
advanced vehicle systems that has been studied most. The
reason for this study is that the technology required for ACC
implementation is feasible given the current state of the art,
and the complicated human factors for safe and effective ACC
use are being unraveled. With these advances in technology
and human factors, many vehicle manufacturers have recently
included or will soon include ACC systems in some automo-
biles. In this paper, we discuss our experimental and theoret-
ical observations of what elements influence the safe imple-
mentation of ACC systems, and discuss the risks associated
with the misapplication of these elements. Specifically, we
advance the hypothesis that safe and effective ACC design re-
quires that the operational limitations of ACC-generated brak-
ing must be detectable and interpretable by human drivers,
and motivate this hypothesis using a multiple mental model
framework substantiated by experimental results.

The motivating force behind automating certain aspects of
driving is that automation can perform certain driving skills
more efficiently than drivers, whereas the driver is more effi-
cient at other skills. For automation to be safe, it is not only
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necessary that the driver can implement their share of the skill
set, but also necessary that the driver can intervene when the
automated skills are inappropriate. One approach to design-
ing ACC and other human-machine systems is to identify how
human drivers perform the task and then emulate their behav-
ior (subject to safety and technological constraints). Such an
approach assumes that

1. skilled, attentive, and motivated humans do the task effi-
ciently and safely,

2. the automation can be designed such that it emulates hu-
man behavior, and

3. the driver’s use of automation is enhanced by similarities
between the automation and human skill set, particularly
when transitions are made between automated and hu-
man control.

Our approach to describing, predicting, and enhancing
driver behavior is to identify the set of skills that automobile
drivers use to safely manage speed and interact with traffic.
To manage speed and interact with traffic, we suppose that
drivers us a set of learned skills. Our approach then identi-
fies how one skill-based behavior is switched to another and
how perceptual cues trigger such switches. This approach
produces a computational model that emulates driver behav-
ior and, by associating ACC behaviors with a subset of nat-
ural driver skills, can be extended to predict how the driver
switches between manual and automated behaviors by detect-
ing and interpreting the operational limits of the automation.
These predictions are then supported by experimental results
and evidence gathered from relevant literature. These results
complete the pilot work presented in [2] where we developed
a computational method for describing and emulating driver
behavior using a multiple mental model framework.

This paper is written from a perspective that assumes that
ACC systems are primarily intended to increase driver com-
fort. Based on this assumed position, we discuss how these
systems can be designed such that they are safe.

2 Skill Switching: A Decision Theoretical

Characterization

Driving can be organized into a set of skilled activities that
are applied when afforded by the environment [1]. In this
context, the term activity means the driver’s actions on the
vehicle (e.g., an activity is pushing the brake pedal or turning
the steering wheel). Formally, a skill can then be defined as
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a learned sequence of driver activities. For example, speed
management skills include following a lead vehicle, regulat-
ing speed about a desired value, and braking to avoid a colli-
sion with activities of pressing the brake or accelerator pedal.
The driver must map environmental cues into selected driver
activities; an efficient way to perform this mapping is to em-
ploy a pattern of activities specific for a particular task, and
then implement this skill when appropriate. This approach
uses a task-specific mental model to determine which skill
is appropriate for the circumstances. In reference to Figure 1,
there are a set of skills that are appropriate for various circum-
stances. For speed management and traffic interaction, these
skills are collected in a skilled longitudinal control block.
These skills evoke real-time brake and accelerator pedal ac-
tivities in a learned pattern of behavior.
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Figure 1: Skill switching via behavior-based reason-
ing.
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For the speed management task, the set of skilled behav-
iors include free driving (regulating speed in the absence of
other traffic), following another vehicle, and braking to avoid
collisions. Thus, if U denotes the set of possible skills then,
for the speed management task, the corresponding set in-
cludes U = {TR,SR,BA}, where TR indicates time head-
way regulation (car following), SR indicates speed regulation
(free driving), and BA indicates active braking. Switches be-
tween skills are mandated when target perceptual states are
not achievable by the currently enable skill-based behavior or
when enabled skills are not acceptable for the given state. For
example, a switch from speed regulation to braking is man-
dated when all lead vehicles stop.

For computational modeling purposes, skills can be emu-
lated by closed-loop controllers that operate on environmental
cues. These cues must be perceptually plausible meaning that
drivers must be able to sense them. For the speed manage-
ment task, vehicle speed v4, time headway T}, and time to
collision (or, equivalently, inverse time to collision 7,7!) are
perceptually feasible perceptual cues (for a review of relevant
literature, see [3]). We define the latter two cues, respectively,
as Tp = ;}R; and T, ' = — (&), where v4 is the speed of
the driver’s vehicle, R is the range (relative distance between
the driver’s vehicle and a lead vehicle), and vg is the rate of
range change (relative velocity between the driver’s vehicle
and the lead vehicle). Given these perceptual values, a per-
ceptual state can be defined as 8 = [T.72, Ty, va]7.

Satisficing Decision Theory (SDT) [4], which employs and
compares two evaluation functions similar to the way bene-

fit and cost are compared in economics literature, is an ideal
tool to describe switching between driver skills. In SDT, pref-
erences over consequences are partitioned into a generalized
type of benefit called accuracy meaning conformity to a stan-
dard, and a generalized type of cost called liability meaning
susceptibility or exposure to something undesirable. Recall
that U denotes the set of possible decisions or actions and ©
denotes the set of possible perceptual states. For each deci-
sion u € U and for each perceptual state § € O, a conse-
quence results which is the effect of making decision u when
nature is in state . The accuracy p4 : U X © — R and liabil-
ity u, : U x © — R set membership functions are preference
relations defined for each consequence (i.e., action/state-of-
nature pair). Any consequences which are more accurate than
liable are acceptable, whence we can define the satisficing set
as Sy = {(u;0) : pa(u;8) > bur(u;6)}.

Given this SDT decision rule, we can restrict attention to
those perceptual states which are satisficing for a given u, and
those skills which are satisficing given the state of nature, re-
spectively defined as Sp(u) = {0 : pa(u,8) > bup(u,8)}
and Sp(0) = {u: pa(u,8) > bur(u,8)}. In terms of behav-
ior management by a driver, suppose a skill w € U is being
used to produce behavior. The driver monitors §, and when
6 € Sp(u) no change is necessary. However, when 8 ¢ Sp(u),
the current behavior is not acceptable and must be switched to
a behavior that is appropriate for the circumstances. Given the
need to switch, any skill u’ € Sp(8) can be employed. An al-
gorithm can be outlined for such task management as follows:
If 6 € Sp(u) then v =u; Else u' € S(6). This al-
gorithm can be used to determine when a behavior switch is
mandatory; i.e., when @ is such that u is not satisficing then a
new skill ' # u must be selected. In addition to providing
and algorithm for detecting mandatory switches, other useful
characteristics of the satisficing approach include the ability
to account for hysteresis and other variabilities in observed
behavior, and the benefits of a set-based decision mechanism.
A complete characterization of satisficing decision theory is
beyond the scope of this paper.

3 Implications for ACC Design

It is useful to associate ACC functions with a subset of
the human driving skills described in the previous section. In
the absence of other traffic, an ACC system regulates speed
about a preset value and thereby automates u = SR, meaning
the enabled skill u is Speed Regulation. In the presence of
other traffic, an ACC system regulates time headway about a
preset value and thereby automates v = TR (Time headway
Regulation). The transition between these skills, including
active braking, is a critical aspect of ACC usability. Two al-
ternative methods for such transitions are of importance: en-
gine braking only and active braking. We argue that active
braking is a skill that is distinct from engine braking, where
the former is limited to the BA (Braking Active) skill and the
latter is used in the TR skill.



3.1 Basic Hypothesis

Based on the assumed perspective that ACC systems are
designed to safely increase comfort, four factors must be con-
sidered to ensure both comfort and safety. First, the dynamic
behavior of the ACC should be predictable by drivers (neces-
sary for both comfort and safety). Second, the ACC systems
should decrease physical workload without placing unrealis-
tic demands on attention management and human decision-
making (even for transient intervals). Third, the transfer of
authority between automation and human should be seam-
less, meaning neither the driver nor the automation should
be required to work outside the limits of their operation (i.e.,
neither should be required to work with a 8 for which no
u € Sp(6)). Fourth, the operational limits of ACC perfor-
mance should be easily identified.

Regarding these factors, we are primarily interested in
when @ is such that the ACC is not satisficing, uacc € Sp(8).
Such an event can occur if either the ACC system malfunc-
tions or the state of the environment is outside of the scope
of the ACC system. Focusing on the second occurrence (we
will assume that the first occurrence is negligible — an as-
sumption that must be considered in practice) our task is to
determine the perceptual trigger between satisficing ACC be-
havior and unacceptable ACC behavior. Since the limits of
ACC behavior as a function of traffic, weather, time of day,
and infrastructure correspond to bounds of Sp(uacc), this
task translates into detecting and interpreting the bounds of
the satisficing set. Our fundamental hypothesis of effective
ACC design is as follows:

Hypothesis 1 Assuming 6 receives attention, switches from
ACC 1o driver control via driver intervention are easiest for
the driver if Sy(uacc) = Sp(TR) U Sp(SR).

In other words, an ACC system that automates both speed and
time headway regulation is most likely to facilitate attention-
ally manageable and seamless transitions from automation to
human control. If Hypothesis 1 holds, then the set of exist-
ing perceptual cues § used by the driver to detect mandatory
switches to active braking can also be used detect when the
ACC system should be disengaged. If Hypothesis 1 is vio-
lated, then drivers require either training or a surrogate sys-
tem for detecting a mandatory switch. Note that this requires
knowledge of a driver’s subjective perceptual boundaries be-
yond which they actively press the brake. As reported in sub-
sequent sections, these boundaries are determined by experi-
ment.

3.2 Alternatives to Hypothesis

In Figures 2(a)-(d) the support for satisficing ACC behav-
ior is shown in relation to the support for TR, SR, and BA be-
haviors for three idealized cases. Compare each of the cases
in Figures 2(a)-(c) to Hypothesis 1 in Figure 2(d) wherein the
sets overlap. For Figure 2(a), the ACC system does not ac-
complish its stated objective of automating car following and
speed regulation behaviors and, consequently, is not useful
from a designer’s perspective.
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Figure 2: Comparison of TR/SR domains and ACC
domain: (a) TR/SR domain broader than ACC do-
main Sb(UACC) C Sb(TR) ) Sb(SR), (b) TR/SR domain
and ACC domain incompatible S,(uacc) %S,(TR) U
S:(SR), (¢) ACC domain broader than TR/SR domain
Sy(uacc) D Ss(TR) U S,(SR), and (d) ACC domain
approximately equals TR/SR domain Sy(uacc) =~
Sp(TR) U Sp(SR). :

For Figure 2(b) the set of states for which ACC and TR/SR
are applicable are incompatible. Such a design can either
make it difficult for drivers to intervene in ACC control, or
require either a period of driver adaptation to learn the lim-
its of the new system or the inclusion of a surrogate system
to indicate the limits of the ACC. For a useful system with
a wide range of drivers, it is undesirable to design the ACC
system that requires the driver to learn and carefully monitor
the automation to produce safe automation.

For Figure 2(c), the ACC system exceeds the driver’s capa-
bilities. Such a system appears attractive in that more driver
behaviors than just TR and SR are automated. The problem
with this approach is that the ACC system does not automate
all of the BA skill. By contrast to Figure 2(a) in which a
driver knows when to brake because the driver has clearly
defined boundaries between TR/SR and BA skills, a driver
has no such experience in detecting the limits of ACC behav-
ior. Unless the limits of this behavior are easily perceived
by the driver, such a system can result in an unsafe ACC de-
sign. For example, consider the results from [5] wherein an
ACC system that included a limited amount of braking was
studied. Among other things, the study reported that (a) ACC
users have “too large [of] expectations” about ACC abilities,
(b) most ACC users waited to intervene until a warning was
received, and (c) collisions that occurred (in the driving sim-
ulator) when the ACC was engaged “could [not] be explained
... by decreased level of driver alertness” (which may not hold
when drivers are not engaged in an experimental study). The
first two of these findings suggest that when an ACC system
does more than automate TR and SR skills, then drivers have
a difficult time safely detecting the limits of the ACC system
(there is no natural switch between skills). Instead, drivers
sometimes adopt a “wait and see attitude” that allows the



ACC system to reach its limits rather than proactively inter-
vening to avoid an unsafe situation. The last finding suggests
that the negative effects of ACC behavior cannot be entirely
attributed to not attending to 6.

3.3 Implications from Hypothesis 1

Based on our previous discussion, it is apparent that com-
mon sense design supports Hypothesis 1. When hypothesis 1
holds, there are some important implications for ACC design.
In the remainder of this section, we discuss a few of these
implications.

State Space Selection. Designing a system that satis-
fies Hypothesis 1 can be considerably easier when both au-
tomation and human use the same state space. The reason
for this is that the hypothesis depends on the boundary of
Ss(TR) U Sp(SR) which is most easily determined in the
driver’s perceptual state space. When the limits of ACC be-
havior and skilled human behavior match, the human can bet-
ter interpret system performance and detect the limits of this
performance. This helps the driver to naturally switch from
ACC behavior to BA behavior via intervention.

Mental Model Switching. In the context provided by
SDT, we conclude that a skill switch is mandated when
u ¢ Sp(6). Detecting such a mandatory switch is tanta-
mount to determining if u is in the support for . When
Sh(uacc) = Se(TR) U Sp(SR) then it follows that the test
for satisficing automation uacc ¢ Sp(6) can be performed
by the existing tests TR & S,(6) and SR ¢ S;(9) that are
native to the driver. This allows the driver to use existing de-
cision mechanisms to detect the limits of automation without
the necessity of excessive training or surrogate assistance.

Surrogates. ACC automates two skills normally per-
formed by automobile drivers: speed regulation and nomi-
nal car following. This leaves braking to avoid collisions and
other emergency behaviors to the driver. When the behavior
of an ACC system exceeds the support for SR/TR skills how
do drivers know when to intervene? Provided that drivers can
attend to the perceptual cues, two methods for detecting the
need to intervene are possible. First, drivers can be trained to
learn the perceptual boundary and second, a surrogate can be
used to help the drivers detect the boundary. Since the peo-
ple who drive vehicles come from diverse backgrounds with
diverse skills and training, it is unlikely that training will be
universally effective. The second option is to use a surrogate
to assist drivers in detecting the boundary. This not only helps
drivers detect the need to intervene in ACC control, it also acts
to train drivers regarding the limits of ACC behavior. How-
ever, the design of such a surrogate is a non-trivial task as
demonstrated by the difficulty of designing a useful warning
system. Such warning systems must be designed with care-
ful attention to driver perceptual and information-processing
capabilities. However, a carefully designed surrogate might
increase the safety of any ACC system since Hypothesis 1 is
an ideal and difficult to reach in practice.

4 Experimental Support for Hypothesis 1
To test Hypothesis 1, we have gathered evidence from
the transition between conventional cruise control and active

braking. We present this evidence in this section.

4.1 Experiment I
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vehicle cut-in

R

Figure 3: "Cutting in” problem. The lead vehicle
prior and subsequent to the cut-in event is repre-
sented by a shaded box and an open box, respec-
tively.

To determine SDT-based models of driver behavior, we
will focus on the “cutting in” problem wherein vehicle B cuts
in front of the driver’s vehicle (vehicle A) as diagrammed in
Figure 3. Subsequent to a cut-in event, we refer to the vehi-
cle that cuts in as the lead or cut-in vehicle. In the figure, v4
and vp represent the velocities of the driver’s vehicle and the
lead vehicle, respectively, vg = vp — v4 represents the rela-
tive velocity between the vehicles, and R represents the range
(relative distance) between the vehicles.

Nissan’s SIRCA simulated driving environment includes
approximately six miles of highway with three lanes in each
direction and ambient traffic. In an experiment using the
SIRCA environment, a subject performs lateral control but
engages a cruise control (CC) system to perform longitudinal
control about a preset condition (v* = 20m/s =~ 43mph).
During the experiment, a cut-in vehicle passes the subject’s
vehicle while the CC is engaged and cuts into the lane with a
specified relative velocity vg(0) and randomly selected initial
time headway T5(0). Data were partitioned into two classes:
active braking (brake pedal depressed) and nominal behavior
(CC engaged, accelerator depressed,or engine braking.
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Figure 4: Actual (dashed line) and approximated
(solid line) membership functions: (a) accuracy and

(b) liability.

Empirical estimates of accuracy and liability can be ob-
tained as described in [3]. Figure 4 presents the resulting em-
pirical estimates and the best fit curve to these estimates.

For the driver to switch from one skill to another, it is nec-
essary to identify when u & Sp(0). Using pa(T,1) and



1 (Th) from Figure 4, we can construct the set of states
So = {0 : pa(T,') > bur(Ty)} that support nominal be-
havior, and the set of states Sf = {6 : pa(T7 1) < bur(Th)}
(superscript ¢ denotes complement) that do not support nom-
inal behavior. If u € {TR,SR} and 6 € Sf then 6 & Sy(u).
Thus, the line pa(T;1) = buy, (Th) determines when behav-
ior must be switched from nominal to braking. In other words,
the line is the boundary of S, (SR).

1

05f
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Figure 5: Scatter plot of nominal and braking per-
ceptual states.

Given the empirically derived membership functions, we
can determine the boundary between nominal and braking be-
haviors as a function of b by finding the perceptual states 6
for which pa(T!) = bur(Th). This is illustrated in Fig-
ure 5 for the data gathered in the simulator experiment, where
o indicates # € NOM and x indicates # € BRK. To the
northwest of the line, BA is satisficing but TR and SR are
not, and to the southeast of the line TR and SR (and, per-
haps, BA) are satisficing. Classification can be performed by
finding the value of b that optimally separates braking from
nominal behavior. Consider the following three performance
indices: Jy (b) is the percentage of trials that are incorrectly
classified (i.e., the total number of o’s above the line plus the
total number of x’s below the line) , J2(b) is the percent-
age of nominal trials that are incorrectly classified as braking
(i.e., number of o’s above the line), and J5(b) is the percent-
age of braking trials that are incorrectly classified as nominal
(i.e., number of x’s below the line). The value b = 0.53 is
the minimax value b = arg miny>o max{Ji(b), J2(b), J3(b)}
which attempts to balance the percentage of misclassifications
(J1(b)), false alarms (J2(b)), and missed detections (J3(b)).
The value b = 0.20 minimizes the number of samples mis-
classified b = argming>o Ji(b). The classification results
for the different values of b are shown in Table 1 and indi-
cate that, on the average, over 85% of samples are correctly
classified.

4.2 Experiment II

Because Experiment I relied on a fixed-base driving simu-
lator, there is some question about how these results relate to

[ & [ % misclassified | % false braking [ % missed braking |

0.20 10.04 1.95 8.09 B
0.53 13.25 8.37 4.88 |

Table 1: Classification accuracies for different val-
ues of b.

situated driving in real vehicles. To test the transfer of these
results to driving, a second experiment was conducted with
professional drivers responding to unpredictable cut-in events
with real vehicles on a test track.

In the experiment, two vehicles drive in the same lane on a
closed test track. The subject drives vehicle A which follows
vehicle B. The drivers in vehicles A and B are required to
maintain an assigned speed v4(0) and vg until a chime rings
in vehicle A’s car. When the chime rings, the driver of vehi-
cle A is to establish a natural following distance (i.e., drive as
if vehicle B had just cut-in to vehicle A’s lane) while vehicle B
maintains a constant speed. Measurements include R, v4,
brake pressure 3, and throttle opening angle a. Time head-
way and time to collision were computed from these mea-
surements. A complete description of this experiment can be
found in [3].

To perform the classification, pa (T, 1) and pr (Th) were
estimated, and the b that minimizes the misclassification error
was determined. The results indicate one false alarm (o above
the line) and no missed detections (x below the line). The re-
sults between the test track experiments and driving simulator
experiments are very similar. The test track results produce a
slightly smaller value of b (b = 0.21 for the test track versus
an average value of b = 0.53 for the driving simulator) and a
slight change in the liability function (achieves it’s maximum
pr(Tax) at T/"** > 0 for the test track versus T#* < 0
for the driving simulator). These differences simply indicate
that the costs of error are higher when real vehicles are used;
in other words, a real collision on the test track is much more
costly than a simulated collision in the driving simulator.

5 Conclusions and Future Work

Skilled human driving can be organized into behavioral
quanta that correspond to separate skill-based behaviors. For
longitudinal control, such skills include following a lead ve-
hicle, braking to avoid a collision, and regulating speed about
a desired value. When automation is added to a vehicle, some
of these skill-based behaviors are performed automatically by
the vehicle itself. We hypothesized that effective human in-
teraction with an ACC system, that is, an interaction resulting
in safe and comfortable vehicle dynamics, is achieved when
the onset of automated braking matches that of a skilled hu-
man operator, and when a human driver can easily detect
and interpret the operational limits of ACC-generated brak-
ing. By measuring human subjects responses to cut-in events
in both driving simulator and test track studies, we have pre-
sented experimental support that natural boundaries exist be-
tween automated speed regulation (conventional cruise con-



trol) and skill-based braking behaviors. These experimen-
tal results are described in the theoretical and computational
framework provided by using satisficing decision theory to
describe switches between multiple mental models. Extend-
ing these results to ACC systems we hypothesize that, assum-
ing an attentive driver, switches from ACC to driver control
(via driver intervention) are easiest if the operational limits of
ACC behavior correspond to the natural boundaries between
that of speed regulation/car-following skill-based behaviors
and that of active braking skill-based behavior. We then ex-
plored some of the consequences that result when this hypoth-
esis is violated, and observed that appropriately designed sur-
rogates (such as a warning system) can be used to help drivers
detect and interpret the operational limits of ACC behaviors.
We conclude that advanced vehicle system design can benefit
from careful analysis of human interaction with automation
by producing systems with an operational domain that is in-
terpretable by human drivers. We further conclude that the
analysis of human-vehicle interaction can be systematically
performed using a satisficing-based description of multiple
mental model dynamics.
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