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Abstract

Despite an abundant use of the term “Out of the loop” (OOTL) in the context of automated driving and human factors
research, there is currently a lack of consensus on its precise definition, how it can be measured, and the practical implica-
tions of being in or out of the loop during automated driving. The main objective of this paper is to consider the above issues,
with the goal of achieving a shared understanding of the OOTL concept between academics and practitioners. To this end,
the paper reviews existing definitions of OOTL and outlines a set of concepts, which, based on the human factors and driver
behaviour literature, could serve as the basis for a commonly-agreed definition. Following a series of working group meet-
ings between representatives from academia, research institutions and industrial partners across Europe, North America, and
Japan, we suggest a precise definition of being in, out, and on the loop in the driving context. These definitions are linked
directly to whether or not the driver is in physical control of the vehicle, and also the degree of situation monitoring required
and afforded by the driver. A consideration of how this definition can be operationalized and measured in empirical studies
is then provided, and the paper concludes with a short overview of the implications of this definition for the development
of automated driving functions.
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1 Introduction and background

This article summarizes the discussions and conclusions of
members of the Trilateral Human Factors Working Group,
tasked by a high-level agreement between Europe, North
America and Japan to share knowledge and exchange find-
ings from studies on the human factors challenges and
opportunities of vehicle automation.

The paper aims to provide a precise definition, and
conceptual framework, for the term “Out of the Loop”
(OOTL), which has been used liberally in recent litera-
ture, when considering the effect of road vehicle automa-
tion on driver behaviour and performance. It is commonly
suggested, but currently without concrete evidence, that
increasing levels of automation likely reduce driver inter-
actions with, and control of, certain aspects of the driving
task, which can compromise drivers’ ability to intervene
and respond to safety-critical events in a timely and appro-
priate manner. This is based on the assumption that simply
removing drivers from direct physical control of the vehi-
cle may leave them “Out of the Loop” when it comes to
such responses. However it is not currently clear what the
OOTL term refers to with regards to human information
processing and response capabilities, how the term relates
to other constructs in the human factors/behavioral sci-
ences literature, how it can be measured, and, ultimately,
how and whether it affects driver performance and safety.

Therefore, the task of group members was to consider
the following questions, which were discussed in a series
of face to face and on-line meetings:

1. How can being in the loop be precisely defined?
. How can being in the loop be measured?
3. What are the likely implications of being out of the
loop?

An initial observation following our discussions was
that, even among the team of Human Factors professionals
assembled to define OOTL, there were fundamental differ-
ences in how the “the loop” was defined, which prompted
the need for a precise and commonly-agreed definition,
to determine whether the driver is “in” or “out” of such a
loop. We also agreed that it was important to distinguish
between situations that induce an OOTL state, versus the
consequences of this state on driving performance. Finally,
when defining OOTL, and identifying a set of measures
for determining when a driver was in this state during the
use of different types and levels of automation, it is impor-
tant to appreciate the manufacturers’ intended use of an
automated system, and whether or not the human driver
understands its overall capabilities and limitations, and is
expected to supervise its operation.
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Following an agreement amongst the authors of this
paper, about the responsibilities and requirements of humans
during the manual task of driving, a synthesized framework
for defining OOTL has emerged from these individual per-
spectives, and will be outlined further below. This frame-
work begins with the role of drivers, and the tasks they per-
form during use of an automated system and distinguishes
between being in, on or out of the loop.

It is hoped that this shared understanding of the OOTL
concept among those working in the field from the three
regions can (1) be used to study the concept and its conse-
quences more precisely, (2) identify gaps in the research in
this area, and (3) highlight the likely (negative and positive)
consequences of a driver who is ‘Out of the Loop’ during
use of automated systems in a road vehicle. This shared
understanding will also allow practitioners, technology
manufacturers, policy makers, and regulators, to appreci-
ate the likely consequences of different types of road vehi-
cle automation on driver performance and safety. Reaching
agreement on a shared definition of the concept, and how it
can be measured, is expected to help researchers compare
the outcomes from studies in this area, easing interpreta-
tion of research findings in different experimental contexts.
Such an understanding should also promote the design of
ecologically-valid and relevant studies—ones designed to
appreciate the likely human factors implications, challenges,
and benefits of road vehicle automation.

We begin with a short overview of previous work related
to defining the OOTL concept, including its origin, and how
it has been used in other domains involving human interac-
tion with automation. This includes a set of concepts from
the driver behaviour and human factors literature, which are
then used as the basis for our novel definition of OOTL.
We conclude by providing a brief outline of how OOTL,
as defined here, can be measured, and discuss the implica-
tions of our OOTL definition when considering the design
of automated driving functions.

2 Current use of the Out of the Loop (OOTL)
concept: the need for a common definition

One of the earliest references to the term “Out of the Loop”
is found in a 1972 US patent filed by Willard Meilander of
Goodyear Aerospace Corporation for a series of methods
and systems used for automated aircraft control (Meilander
1972). The patent describes situations where “the control-
ler could be left out of the loop and the plane or planes
involved could be directed by the computer”, but offers no
further definition. Research conducted in the 1970s and
1980s, examined the consequence of leaving the controller
out of the loop and found that, perhaps due to a reduced role,
pilots were slower to detect changes in control dynamics
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and did not recover as well as those who remained in the
manual control loop (Wickens and Kessel 1979, 1981; Wick-
ens 1992). Though there are references to the term in this
literature, Endsley and Kiris (1995) and Kaber and Endsley
(1997) were the first to formalize the concept. Drawing on
studies investigating the performance of pilots and control
systems, with operators using systems capable of varying
degrees of automation, Kaber and Endsley (1997) argue that
“When an operator is removed from a control loop due to
allocation of system functions to an automated/computer
controller, the level of human-system interaction is limited
and, consequently, operator awareness of system states may
be reduced”. In such situations, operators are more likely to
make errors when interacting with, or when taking control
from, the system (see Sebok and Wickens 2017, for a recent
overview).

Linked to this original reference in the aviation domain,
the term “loop” likely originates from the “open- and closed-
loop” concepts described by Control Theory in Systems
Engineering. For example, “loop” is often used in engineer-
ing contexts as a shorthand for “control loop” and refers
to elements of a system, and their connections, which are
involved in the control of that system. In addition to its use
in the engineering field, “control” is also a term used in the
behavioral sciences/psychology domain, where controlled
performance relies on “higher” cognitive functions, such as
working memory; requires attentional effort; and is needed
to deal with novel or inherently difficult tasks. This is often
contrasted to automatic performance which is effortless, not
available to consciousness and thought to be established
through repeated exposure to consistent mappings between
stimuli and responses (Schneider and Shiffrin 1977). In
both fields, “control” describes the process of sensing and
responding to changes in the environment to achieve a goal
state, or to reduce uncertainty, and, regardless of domain,
this “control” requires some form of interaction that acts
on input to affect the state of a system. Although a precise
definition of control is provided by both engineering and
the behavioral sciences, these have not been integrated and
reconciled in describing situations where humans and auto-
mation jointly control a process, which is important when
considering the relationship between the driver and vehicle
in automated driving.

Common among previous references to OOTL for on-
road motor vehicles is removal of the human from physi-
cally controlling the vehicle (e.g., Brookhuis et al. 2001).
Here, there is a fundamental shift of the driver’s role from a
physical controller to a supervisor, who may now be moni-
toring the driving task and automated systems (e.g., Saffar-
ian et al. 2012; Strand et al. 2014). On the other hand, some
authors use of “Out of the Loop” to refer more specifically to
instances when drivers are not actively monitoring the sys-
tem and the traffic situation (e.g. Radlmayr et al. 2014; Merat

et al. 2014; Casner et al. 2016; Louw and Merat 2017). Links
are also made in the literature between being OOTL and
daydreaming or distraction (e.g. Norman 2015; Berberian
et al. 2017).

Thus, the distinction between physical and cognitive
aspects of control plays a key role in discussions about
OOTL, in which the loss of physical control generally refers
to taking the hands away from the steering wheel or the foot
off the pedals, whereas the loss of cognitive control typically
refers to taking attention away from the main driving task
(Louw et al. 2015a, b). However, it is not always clear if
the cognitive aspect/attentional element referenced pertains
specifically to cognitive control (i.e., effortful, conscious,
focusing of attention, resulting in controlled performance),
or, more generally, to control that requires some degree of
cognition beyond the physical control of the vehicle. The
link between such aspects of cognitive control and monitor-
ing the driving task and environment is also not clear.

In line with Kaber and Endsley’s (1997) definition, the
International Harmonized Research Activities (IHRA)
Working Group on Intelligent Transport Systems (ITS),
supporting the activities of the United Nations Economic
Commission for Europe (UNECE) Work Package 29 (World
Forum for Harmonization of Vehicle Regulations), defined
a driver as being OOTL when they are “not immediately
aware of the vehicle and the road traffic situation because
they are not actively monitoring, making decisions or pro-
viding input to the driving task” (Kienle et al. 2009). Here,
again, the key concepts “aware”, “monitoring”, “decisions”
and “input” can be linked to both cognitive and physical
aspects of the loop, but are not explicitly defined. Moreover,
this definition does not elaborate on the multi-level nature of
the driving task, nor does it consider the likely consequences
of being OOTL.

The next section, therefore, develops a more precise
definition of OOTL, by considering a set of concepts from
the human factors and driver behaviour literature, which
includes a consideration of the multifaceted nature of driv-
ing and an overview of findings linked to driver OOTL state.

3 Defining “Out of the Loop” in terms
the control loops and attention in driving

As outlined above, the term “Out of the Loop” has been
used inconsistently within academic literature in reference
to the physical and cognitive aspects of control. We suggest
that three broad areas are important when considering the
OOTL concept, which, when considered together, allow us
to orient and organize a common definition of “the loop”.
These include: (1) the relevance of loops in vehicle control;
(2) attention, automaticity and control; and (3) perceptual-
motor coupling and situation awareness.

@ Springer
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Following this overview, we discuss how and when the
addition of system automation might reduce or remove
human involvement in “a loop”, and promote involvement
in “another loop”, and whether or not this transfer impairs
performance, and reduces safety.

3.1 Therelevance of loops in vehicle control

A hierarchical control structure is typically referenced when
defining vehicle control in the driving task (Allen et al. 1971;
Hollnagel and Woods 1995; Michon 1985; Ranney 1994).
Figure 1 shows the multi-level hierarchical control tasks
or functions of driving. Each represents a different control
loop. In the innermost loop, drivers perform the moment-
to-moment (ms-s), or continuous, lateral and longitudinal
motion control tasks, initiating braking/accelerating and
steering actions, to maintain/adjust speed as well as position
the vehicle within a lane; these are the operational functions
of driving. In the middle loop, drivers perform the intermit-
tent (s-min) object/event detection and response tasks, here
representing planning and execution of maneuvers such as
lane changes, and negotiating intersections; these are the
tactical functions of driving. In the outermost loop, drivers
select destinations and perform waypoint finding along a
route in the infrequent (min-h) task of navigation; these are
the strategic functions of driving.

For the present purposes, two aspects of this hierar-
chical representation of driving are of key importance.
First, the levels of the hierarchy are essentially defined by
the spatiotemporal scale of the different driving subtasks.
Drivers initiate millisecond-to-second operational control
of the steering wheel and pedals, both in the service of
maintaining lateral and longitudinal position within a lane,
and in response to objects and events. In response to the
characteristics of the driving environment, the subtask of

_O_. Object/Event

Detection &
Response

Navigation

“object event detection and response (OEDR)” can vary
in its temporal frequency from a continuous (ms-s) to an
infrequent (s-min) activity. Maintaining a safe headway to
a lead vehicle in heavy or stop-and-go traffic, or steering
on a curvy mountainous road, are two example situations
in which object/event detection and response can occur
almost continuously, compared to control of a vehicle on
a straight, no traffic, rural road.

Second, in manually controlled vehicles, subtasks at
different levels are strongly interdependent. Thus, the driv-
er’s physical engagement through braking, accelerating,
and steering activities is not linked to a particular loop.
A driver’s moment-to-moment operational control in the
amount of steering input and level of braking/accelerating
affects the vehicle’s movement, relative to other vehicles
and its position within the lane, which affects the potential
for encountering obstacles and hazards in the driving envi-
ronment. In turn, how drivers maneuver within a lane, and
in response to detected objects or roadway events, affects
potential path changes needed to successfully perform the
task of navigating. Goals for navigation can in turn influ-
ence how and when drivers initiate maneuvers, such as
lane changes and turns, which in turn impacts how drivers
move relative to other vehicles and with respect to lane
boundaries. In this sense, the control loops in Fig. 1 are
meant to provide a simplistic subtask categorization that
duly depicts, through its nested hierarchical structure, the
more complex functional interdependencies that exist in a
description of the physical control involved in the driving
task. This representation, however, neglects to explicitly
represent the flow of information in the driver’s interaction
with the vehicle while moving through a dynamic environ-
ment, which is linked to aspects of both automatic and
controlled cognition, described further in the next section.

Vehicle
Control

Lateral
Movement

Longitudinal
Movement

Basic vehicle motion control

Operational functions

Planning and execution for event/object avoidance and lane maneuvering

Continuous (ms —s)

Tactical functions

Route and destination guidance

Intermittent (s — min.)

Strategic functions

Infrequent (min. — hrs.)

Fig. 1 Multi-level control in driving [based on Michon’s (1985) levels; adapted from Fig. 1 in SAE (20164, b)]
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3.2 Attention, automaticity, and control

In the interplay of the driver with the vehicle and environ-
ment, sensory information guides control. To perform the
control tasks of driving, a driver must attend to the forward
view at regular intervals. Driving is primarily a visual task
(e.g., Michaels 1963), and visual information is mostly used
to maintain basic vehicle control, to detect cues in the envi-
ronment that signal potential hazards and obstacles, and
to orient to potential or impending changes in the route.
The rate of visual sampling required to maintain vehicle
control depends largely on the rate by which information
changes (Senders et al. 1967). At higher speeds, and with
increased information density of the roadway—which can
be a function of traffic, roadway curvature, lane width, and
roadway layout (McDonald and Ellis 1975; Tsimhoni and
Green 2001; Tivesten and Dozza 2014)—drivers must sam-
ple the forward view more frequently to maintain position
within the lane. In addition to visual cues, drivers make use
of proprioceptive and auditory feedback while controlling
the vehicle in their movement through the roadway environ-
ment. Feedback provided via in-vehicle interfaces addition-
ally informs on vehicle state and on-board system status.

A key aspect of control (at all hierarchical levels) is atten-
tion, broadly referring to the selection of some aspects of
a situation or task over others. However, there is a lack of
consensus on the precise meaning of attention, both in gen-
eral cognitive science/human factors research, and in the
driver behaviour literature. To tackle this issue, work previ-
ously conducted by the bilateral (US-EU) predecessor to the
present Trilateral Human Factors Working Group attempted
to provide a more precise definition of attention and inat-
tention in the context of driving (Engstrom et al. 2013).
These authors argue that, while attention is often consid-
ered in terms of the selection of perceptual information, for
applied/everyday tasks such as driving, it is useful to view
driver attention more broadly in terms of the allocation of
resources to a set of activities, thus also including the selec-
tion of action in the scope of attention. By the same token,
driver inattention can be considered a mismatch between
the current allocation of attentional resources, and those
resources demanded by activities critical for safe driving
(Lee et al. 2009).

The term resource is traditionally associated with lim-
ited processing capacity and mental effort (e.g., Broadbent
1958; Kahneman 1973). However, the resource concept here
is used in a broader sense to denote any sensory, actuator,
perceptual, motor or cognitive mechanisms that are used
in performing activities (Wickens 2002). Hence, by con-
trast to its traditional meaning, resources may also include
mechanisms underlying automatized performance of routine
activities. Sensory resources include sense organs such as
the eyes or the ears, while actuator resources refer to parts

of the body used to control devices (steering wheel/pedal),
such as the hands or the feet. Perceptual resources refer to
neural mechanisms underlying detection and interpretation
of information, and motor resources to neural mechanisms
that control overt action. Finally, cognitive resources refer
to neural mechanisms underlying cognitive control, which
relates to working memory and the effortful deployment of
resources to deal with non-routine or novel tasks.

In this context, it is important to have a common agree-
ment on whether terms such as “attention” and “resources”
refer to controlled (i.e., relying on cognitive/executive con-
trol) or automatic (not requiring conscious control) perfor-
mance. At least in routine driving situations, it can be argued
that many, if not most, activities are likely to be more or less
automatized, for experienced drivers. Therefore, it is impor-
tant to establish whether being in or on the loop requires an
element of controlled attention, or whether automatized use
of resources is sufficient.

3.3 Perceptual-motor coupling and Situation
Awareness

When defining “the loop” (and in determining how to meas-
ure it), it is important to recognize the dependency that exists
between the physical and cognitive aspects vehicle control,
and the relationship between this perceptual-motor coupling
and driver’s situation awareness. Figure 2 shows how the
driving task invokes a continuous processing of perceptual
information, and that monitoring is inherent at multiple lev-
els in driving. Implicitly built into the hierarchical control
loops that describe the functional tasks of driving (Fig. 1) is
the driver’s role in monitoring the environment. For manual
driving, vehicle control and monitoring should go hand in
hand, although lapses in the latter can occur (see below). In
moving through a dynamic environment, drivers must adapt
their monitoring of information to safely perform the driving
task. Perceptual-motor coupling in manual driving involves
regular sampling between a distant, far-road, region and a
close, near-road region (Land and Horwood 1995; Salvucci
and Gray 2004) to modulate the steering wheel and ped-
als for operational lane-keeping and headway control. The
sampling, modulation of controls, and sensing of the control
inputs are tightly coupled. A moment-to-moment perceptual-
motor cycle generates the predictions of surrounding traf-
fic dynamics and changes in the roadway and environment
(e.g., Regan et al. 2009). Importantly, the perceptual cues
used for vehicle control are not only visual but also include,
for example, somatosensory, kinesthetic, proprioceptive and
auditory cues.

To maintain situation awareness, drivers distribute
their gaze across multiple on-road regions to safely per-
form moment-to-moment control (e.g., Victor et al. 2008).
Gaze distributed across central and peripheral regions of
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Prediction of potential
hazards, and of potential path
changes or tactical maneuvers

Prediction of the movement of
one’s vehicle relative to other
vehicles and within the lane ahead

Monitoring for Monitoring for
Navigation :‘; Object/Event y
Detection &
Response

Basic vehicle motion control

Vehicle
Control

Monitoring o
Lateral Movement

Monitoring
Longitudinal Movement

Planning and execution for event/object avoidance and lane maneuvering

Continuous (ms —s)

Route and destination guidance

Intermittent (s — min.)

Fig.2 Monitoring inherent to multi-level control in driving

the roadway enables drivers to detect and identify hazards
(Lamble et al. 1999; Samuel and Fisher 2015), to perform
tactical maneuvers such as lane changes, turns at intersec-
tions (Harbluk et al. 2007), and to identify relevant signs
and landmarks for route orientation and navigational tasks.

A useful concept used to characterize monitoring in terms
of drivers’ attention to the meaning of dynamic changes in
their environment is Situation Awareness (SA), defined as
“the perception of the elements in the environment within a
volume of time and space, the comprehension of their mean-
ing, and the projection of their status in the near future”
(Endsley 1995, p. 36). A higher level of SA—that in which
projection of environmental state occurs—depends upon
perception and comprehension of relevant cues. The pro-
cess of developing and maintaining SA iterates at the same
timescales as driving; all levels of SA are involved in each
of its three control loops (Ma and Kaber 2006). SA influ-
ences decision-making; subsequent actions change the state
of the environment, which in turn influences a new cycle of
perception; this cycle is illustrated in Fig. 3 (adapted from
Ma and Kaber 2005).

3.4 Defining ‘Out-of-the-Loop’

Considering the above concepts together, we suggest that
“being in the loop” can be understood in terms of (1) the
driver’s physical control of the vehicle, and (2) monitor-
ing the current driving situation. Vehicle physical control
implies a direct physical coupling between multisensory per-
ceptual cues and motor outputs (steering, accelerating/brak-
ing) and incorporates both operational and tactical functions

@ Springer

Infrequent (min. — hrs.)

of driving: maintaining adequate lateral and longitudinal
vehicle position and executing lane-changing maneuvers.
As discussed above, situation monitoring can be char-
acterized in terms of situation awareness, that is, drivers’
comprehension of dynamic changes in their environment,
including those related to the actions of an automated sys-
tem. Thus, merely attending (i.e., allocating resources) to
driving is not sufficient. To be adequately monitoring the
situation, one must attend to and understand how the situ-
ation will develop. Hence, perception—action coupling and
situation monitoring, as conceived here, can be viewed as
closely related and reflecting the same basic phenomenon
at different levels of the driving task. Thus, when in the
loop, the driver can be seen as dynamically “embedded” in
driving, perceiving the past, comprehending the present and
predicting the future at different levels of the driving task.
Conversely, being “out of the loop” implies the lack of
physical vehicle control and/or a lack of situation monitor-
ing. We further suggest that in a situation where physical
vehicle control is taken over by an automated system, the
driver may still be regarded as being on the loop if s(he) is
still engaged in situation monitoring. Based on these con-
cepts, in-, on- and out of the loop may be defined as follows:

In the loop In physical control of the vehicle and monitor-
ing the driving situation

On the loop Not in physical control of the vehicle, but
monitoring the driving situation

Out of the loop Not in physical control of the vehicle, and
not monitoring the driving situation, OR in physical con-
trol of the vehicle but not monitoring the driving situation
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Level 1 SA -
Perception

Driving

Environment Peteeption

A

Level 2 SA—
Comprehension

Level 3 SA—
Projection

Action
Implementation

Decision
4| Making

Storage

SA

B

Information

|

e A
Performance /
Feedback

—

Fig.3 SA in driving information processing (adapted from Ma and Kaber 2005)

In these definitions, the “driving situation” being moni-
tored not only refers to the surrounding driving environ-
ment but also, potentially, to the actions of an automated
system, and its current state. Furthermore, being in-, on- and
out of the loop should not be viewed as discrete states, but
rather levels of engagement along a continuum. This may,
for example, apply in situations where an automated system
is responsible for performing the steering task, but provides
continuous force feedback to the driver, thus still keeping the
driver in the lateral control loop, to some degree.

Moreover, the definitions do not imply that effortful, con-
scious, focusing of attention, that is, cognitive control, is a
necessary condition for being in the loop. The need for the
cognitive control required for maintaining attention on a task
varies on a moment-to-moment basis, and depends on the
degree of practice and familiarity with the current task or
situation. Thus, being in the loop, that is, being successfully
engaged in physical vehicle control and monitoring, may
require cognitive control in novel or uncertain situations,
but may proceed more automatically in other, familiar and
less complex, scenarios. The automatic versus (cognitively)
controlled performance dimension should also be viewed
as a continuum rather than a discrete, binary, phenomenon.

Based on the above concepts, there is potential for the
degree of physical vehicle control and monitoring to be
reduced when some aspects of control are transferred from
manual to automated driving. First, the richness of multi-
sensory cues used for physical vehicle control is reduced
during automated control (Wickens and Kessel 1981;
Zuboff 2010). Second, monitoring could be compromised
if the driver chooses to engage in non-driving related tasks
(NDRTSs) during driving automation (Norman 1990). Recent

research has attempted to measure the consequences, if any,
of such OOTL phenomena during automated driving. A
short overview of this research is provided in the following
section to help clarify how OOTL might be measured.

4 Methods and measures for quantifying
the OOTL concept

The multi-faceted aspects of vehicle automation and associ-
ated levels of OOTL suggests a need for a correspondingly
multi-faceted measurement approach. To date, most of the
measures used for assessing changes in physical vehicle
control and situation monitoring, at and after transition
from automated driving, have focused on timing, and type
of driver response, such as timing of hand(s) back on the
wheel, or feet on the pedals, and/or timing, direction and
force of steering, or ability, to successfully avoid colliding
with obstacles (Gold et al. 2013, 2018; Zeeb et al. 2015,
2017; Eriksson and Stanton 2017; Louw et al. 2016, 2017).
Therefore, drivers can be assumed to be OOTL, if, compared
to manual driving, their response to impending collisions is
impaired, for example due to a later or less efficient move-
ment of the steering wheel, or a slower brake response time.
A consideration of drivers’ monitoring performance is also
needed to confirm instances of “on” versus “out” of the loop.

In terms of drivers’ situation awareness and monitor-
ing of the environment, due to its ease of use, research
has mostly relied on measuring drivers’ visual attention
to the driving situation, although some studies have also
utilized neuro-imaging techniques for monitoring brain
activity (Russel et al. 2016). In terms of eye-tracking, eye
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gaze and fixation patterns to different elements of the vehi-
cle and the road are used to quantify “monitoring” and
drivers’ ability to detect and/or avoid impending or real
obstacles and hazards after a period of automated driving
(Zeeb et al. 2015; Hergeth et al. 2016; Louw and Merat
2016; Louw et al. 2016; Seppelt et al. 2017). Results show
that driver eye movements are generally more dispersed
as automation level increases, with less focus towards
the road center and road environment, and, for instance,
more focus towards secondary/non-driving related tasks
(NDRTs, Carsten et al. 2012; Louw and Merat 2016).

Performance measures used to assess a driver’s state
of being “in”, “on”, or “out” of the loop will also depend
on the particular driving situation, roadway characteris-
tics, speed of travel, and the type of control required by
the system or the driver. However, based on the above
definition, it is reasonable to conclude that measures of
driver OOTL can be divided into two main categories:
(1) vehicle-based sensors that can assess the degree of
driver physical control of the vehicle, during or immedi-
ately after automation; and (2) driver-based sensors and
measures, to assess the level and degree of monitoring
dedicated to the driving situation. As outlined above, the
latter includes use of devices for collecting driver physi-
ological states, which may either be physically connected
to participants (e.g. measuring heart rate), or capable of
collecting data remotely. An example of the latter includes
the use of video cameras to assess position of drivers’
eye, head, face, hand and seating position/posture in the
vehicle (Subit et al. 2017). Analysis of this video-based
data may be in real-time or post-hoc, and can be supported
or supplanted by observation studies conducted by the
researcher, such as the Wiener Farhprobe (see Chaloupka
and Risser 1995), Notably, though, this technique is a
more resource-intensive option. Finally, video, observa-
tion and questionnaire-based metrics can be used in this
context to establish drivers’ subjective evaluation of the
consequences of being OOTL, which follows reduced
physical control and monitoring. Using either concurrent
or post-hoc analysis, such investigations can, for example,
assess whether reduced physical control and monitoring
are concomitant with an increased engagement in Non-
Driving Related Tasks (NDRTSs); how driver trust, under-
standing, and complacency ratings of the automated sys-
tem are affected; and whether there is a change in detection
of failures, or impairments in a driver’s ability to respond
to such failures (skill decrement) as a result of introduced
automation.

In their overview of the multiple potential effects of
automation, primarily incorporating work from the avia-
tion domain, Seppelt and Victor (2016, pp. 142-143)
provide a summary of the possible consequences of vehi-
cle automation, and how these can be linked to loss of
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physical control/reduced monitoring of the driving situa-
tion. These include:

e Inaccurate or incomplete expectations of system response
and behaviour, i.e., inability to anticipate situations that
lie beyond the capabilities of the automation (Louw et al.
2016).

e Passive monitoring and failure to sample safety-critical
areas such as cross-walks at intersections or glances to
rear-view mirror, side mirror, indication with turn signals,
and over-the-shoulder glances prior to lane changes (Gold
et al. 2013; Louw et al. 2016).

e Increased uptake of secondary and non-driving related
tasks (Carsten et al. 2012).

¢ Unnoticed mode transitions, for example from one level of
automation to another (Sarter and Woods 1995).

¢ Low situation awareness scores or loss of awareness of the
state and processes of the system (Endsley and Kiris 1995).

e Lower self-reported scores in confidence to make decisions
(or control vehicle manually) after system failure (Lee and
Moray 1994).

e High trust scores and complacent reliance. Drivers’ over-
trust of the system, based on its capability for response,
and their lack of monitoring and vigilance, based on an
unjustified assumption of satisfactory system state. Overre-
liance on a driving automation system is sometimes termed
complacency when it results from trusting a system more
than is warranted (Parasuraman and Manzey 2010).

e Inaccurate mental models (as measured subjectively by
testing knowledge of actions and limits of the system,
i.e., its boundary conditions). Note: Operators with sub-
stantial previous experience and well-developed mental
models detect disturbances more rapidly than operators
without this experience (Wickens and Kessel 1981; Nau-
joks et al. 2017).

Further research is required, for automated vehicles in
particular, to assess whether the above findings are valid,
particularly in real-world conditions. Further knowledge
on how behaviour changes in the longer term, after use of
automated systems, is also important. To characterize if a
driver is in, on, or out of the loop, measures that assess both
physical control, and the level, and degree of, monitoring
dedicated to the driving situation are needed as part of future
research.

5 Relevance of defining the OOTL concept
to system designers

As outlined above, in addition to providing an agreed-upon
definition of the OOTL concept, how it can be measured, and
what its consequences may be, it is important to determine
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the relevance of the OOTL concept to system designers and
vehicle automation users. This includes promoting a clear
understanding by designers of how/whether reducing physi-
cal control of the vehicle, and driver monitoring of the situ-
ation, impairs performance immediately after a period of
automation, and what strategies can assist in mitigating this
impaired performance, if present (see Carsten and Martens
2018). Moreover, providing drivers with an understanding
of the consequences of being OOTL is also important, to
support safe interactions with the system.

With respect to the user, this understanding is also
linked to what system designers instruct for the degree of
driver involvement and engagement during automation:
i.e. the degree of physical control and situation monitoring
required and expected from the user. Two basic principles
are considered relevant when attempting to match the system
designer’s expectation for the driver’s involvement, versus a
driver’s actual involvement during different stages of auto-
mated driving. First, manufacturers have a right and a duty
to specify the proper use of a driving automation feature (i.e.
mode of a driving automation system—see SAE 2016b),
which outlines the design intent for how a human user
should use the equipment, including information regarding
automation state. A key design specification is whether a
human user’s role is to monitor the environment and the
operation of the automated feature, and how much physical
control is necessary. Second, the role of Human Factors sci-
entists is to investigate the potential for misuse or incorrect
use of driving automation, specifically where a human user
does not perform in the field in a way that the manufacturer
may have specified in their design. Examples include failure
to monitor the situation and the imperfect system, by engag-
ing in NDRTS, or reduced/impaired physical vehicle control.
The potential causes behind such unintended use can also be
linked to inadequate or incorrect communication of guide-
lines for using the system (e.g. through customer literature,
marketing materials) or due to system design affordances,
and inaccurate user expectations or mental models.

In addition, the complexity of the above issues is
enhanced because some (perhaps most) vehicles will be
equipped with driving automation systems which have mul-
tiple modes of operation, in which the mode of operation
can change (either by system or human action) during a
trip. This includes the potential for system mode changes,
where the design intent for the human user changes from
unsupervised to supervised, and vice versa, during a trip,
which changes the degree of monitoring, and, potentially,
the physical control required. Here the driver benefits most
if the appropriate state of the automation system is easily
observable and understood, so it is clear to the driver when
their role may change from being out-of-the-loop to on-the-
loop. How quickly this occurs also depends on the rate at
which the information to be processed by the driver changes.

Additionally, discussion of any “out-of-the-loop” human
factors issues is only relevant to driving automation systems
where the manufacturer’s design intent includes appropriate
human physical control or adequate monitoring and supervi-
sion of that system and its state. Such Human Factors issues
may include unintended use (insufficient supervision) in that
mode, or may be found due to transitions into and out of that
mode, to and from any non-automation modes, or to any
automation modes which do not require human monitoring
and supervision. If the manufacturer’s design intent does not
require human supervision of the driving automation system,
or a mode of that system, then any performance issue by the
system which results in reduced or loss of physical control
and/or collision cannot be considered a human factors issue,
and is therefore not within the scope of this paper.

As outlined above, for automated features where the
driver is expected to supervise the system, or be responsible
for momentary levels of physical engagement, driver state
monitoring techniques are a potentially useful method for
identifying and supporting the focus of the driver engage-
ment in the loop (remaining on the loop in this case). How-
ever, for features where the driver is only expected to be
receptive to a take-over request, with no supervision or
monitoring of the system required, driver state monitoring
is only useful for verifying driver presence and receptiv-
ity (e.g. driver is awake and/or can see/hear/feel the alert).
Note, however, that in such circumstances and at higher lev-
els of automation, the driver is intentionally taken OOTL
(by design and based on a normative definition of how a
system should behave). In practice, however, based on the
descriptive reality of how a system actually behaves, the
driver may need to be kept “on-the-loop”, for example, by
actively monitoring the system, to ensure they are receptive
to requests to resume manual control of the vehicle. For
higher levels of automation, especially, additional studies
may provide helpful information to determine the extent to
which a driver is able to effectively and safely transition
from being “out of” to “in to” the loop, without an interven-
ing need for being “on” the loop.

6 Summary and conclusions

As manufacturers, system designers and users of automated
vehicles start to learn the capabilities and limitations of the
level of automation engaged by various systems in their
vehicle, it is important for all stakeholders to have a common
understanding of the implications of such engagements. As
the role of the driver moves from one of a physical control-
ler of the system, to one that supervises and monitors the
driving situation, to one that is no longer required to either
monitor, control or supervise, but only respond to system
limitations, it is important for all stakeholders to have a
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common understanding of how each type and level of auto-
mated system engaged changes the driver’s roles and respon-
sibilities, and whether/how this is affected by other factors
such as road and driver type, as well as driving environment.

If manufacturers, policy makers and practitioners can all
agree on how different levels and types of automated features
affect driver engagement, what the consequences of disen-
gagement might be, and how this message can be success-
fully conveyed to system designers and users, then the main
aim of higher levels of automated systems, to increase driver
comfort and safety, may be achieved more successfully.

This paper proposes a commonly agreed definition of
the Out of the Loop (OOTL) concept for automated road
vehicles, and highlights the major research gaps remaining
in this domain. It is hoped that amalgamating the views of
a number of principal human factors/behavioral scientists
from academia with that of leading vehicle manufactur-
ers/system designers provides an understanding from both
a scientific and applied perspective. Offering an agreed,
multidisciplinary, definition, which includes and considers
the human factor in this rapidly developing technological
area, may provide additional impetus for automated sys-
tems to be both designed, and used, appropriately, without
undue expectations from either the designers or the users
of the system. It is hoped that these definitions can be
operationalized and measured in future empirical studies,
and that system designers can use it to achieve an ultimate
goal for automated systems: for the driver to know when
and where they are in charge of the system, and when and
where they can safely and successfully allow the system
to keep them out of the loop.
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