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the visual field, and the rest of the visual field. While compelling, this dichotomization is at odds with
findings in vision science which demonstrate the capabilities of peripheral vision. In this paper, we
examine driving research from this new perspective, and argue for the need for an updated under-
standing of how drivers acquire information about their operating environment using peripheral vision.

ﬁ?g{llords' The concept of the Useful Field and the UFOV test are not discarded; instead we discuss their strengths,
Useful field of view limitations, and future directions. We discuss key findings from vision science on peripheral vision, and a
Peripheral vision theory that provides insights into its capabilities and limitations. This more complete basic science
Visual attention understanding of peripheral vision informs appropriate use of the UFOV and the Useful Field in driving

research going forward.
© 2017 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

An essential question in applied research is “what can the driver
perceive and act on at a given point in time?” Efforts to understand
the driver's limitations gave rise to the Useful Field of View (UFOV)
test — a tool for probing what a driver, particularly an older driver,
could attend to in a larger scene (Ball and Owsley, 1993). For clarity
in this paper, when we talk of the UFOV, we are referring to the test,
and when we refer to the Useful Field, we are discussing the
measured region in space defined by performance on the UFQV test.
The UFOV has proven to be a powerful assessment tool, as we
discuss in the body of the paper. However, hand-in-hand with the
use of the UFOV as a tool, some research using it has also adopted a
simplified model of vision during driving, in which the Useful Field
describes the only available visual input. This narrow concept of the
Useful Field was summarized by Anderson and colleagues as “Any
information that falls within the UFQV is processed whereas any
information that falls outside of this region is not processed.”
(2011). Under this conception of vision, it is only what is within a
driver's Useful Field that truly matters, and the visual field beyond
it — in the periphery — is unavailable or, perhaps, acknowledged as
being useful for lane-keeping and little else. We will dispute this
narrow conception of the Useful Field and consider peripheral
vision more broadly in this paper from a basic vision science
perspective.

In contrast to the size of the Useful Field (often assessed to be
15-20° radially from the fovea), the human binocular visual field
affords a remarkably wide view of the world — in excess of 90° to
the left and right, and more than 60° above and below (Traquair,
1927). The Useful Field, as assessed by the UFQOV test, covers only
a small portion of the entire visual field. Anatomically, however,
peripheral vision is the entirety of the visual field beyond the fovea
and, when we refer to peripheral vision in this paper, we are using
this encompassing definition. There are profound differences be-
tween foveal and peripheral vision, as is immediately apparent
from our own daily experiences. In large part, this is a function of
the underlying anatomy; the fovea, the location of highest photo-
receptor density in the retina, is disproportionally represented in
visual cortex (Tootell et al., 1982), resulting in more detailed rep-
resentations compared to the periphery. Given this weighting in
the brain, the human visual system may seem to be built around
our need to foveate objects in the world, and peripheral vision may
appear only to exist to provide enough information to move the
eyes to where they need to be pointed. The temptation, then, is to
see the central visual field (the fovea plus parafovea, occupying
about + 4° of visual angle about the point of fixation), as “where the
important vision happens”. The idea of the Useful Field expands
this important region considerably, but falls far short of the full
extent of the visual field, essentially ignoring the region beyond, at
most, the central 15-20°. However, a deeper understanding of pe-
ripheral vision suggests that this Useful Field-centric account un-
derestimates the utility of peripheral vision.

The driving literature has appreciated the importance of vision
across the entire visual field in the context of maintaining situa-
tional awareness of the driving environment (Endsley, 1988; Smith
and Hancock, 1995). Situational awareness requires integration of
visual information from the entire visual field (Gugerty, 2011),

although the theory thereof focuses on attending to individual
objects in the environment (Endsley, 1988). We will define attention
(see (Carrasco, 2011) for a review) for the purposes of this paper as
the process of bringing an object to awareness, whether by volition
(James, 1890) or through capture by visually salient regions of vi-
sual input (Helmholtz 1898, translated 1924). Attention is an
inherently limited resource because the increase in firing rate
required at the neuronal level is metabolically expensive (Attwell
and Laughlin, 2001). One solution to this limitation is serially
shifting attention where the driver would only attend to an object
as it becomes necessary to do so. However, attending to an entire
scene is not necessary (Li et al., 2002) to glean information at a
global level. This global information is necessary to predict what
objects in the scene may do in the future, which is the core of
higher order situational awareness (Endsley, 1988).

Driving cannot be conceived of in the absence of vision — the
driver must be able to perceive their operating environment. Un-
derstanding how the driver perceives the world around the vehicle,
and how to assess what the driver can and cannot perceive is
essential to understand what the driver does and why. The UFOV as
a test and the Useful Field as a concept simplify this complex
problem and aid in operationalizing behavior to facilitate research.
While useful, we believe that the UFOV and the Useful Field have
encouraged intuitions about visual perception that could benefit
from integration with recent work in basic vision science. In this
paper, we will discuss the UFOV and the Useful Field, how they have
been used and modified in recent years, how they succeed and how
they fail, and how their failures have been addressed in recent
literature. Having done this, we will then discuss recent findings
and theories from the basic vision science literature which indicate
greater capabilities for peripheral vision than the Useful Field
suggests, and how we believe that basic research can improve
research and theory with which we understand driving going
forward.

2. The UFOV and Useful Field in applied driving research

To begin, we will first provide a brief overview of the UFOV itself,
so that we can operate from a place of common understanding
(2.1). With that in hand, we will discuss how the UFOV has been
used in applied driving research since its initial publication in 1993
(2.2), then discuss the limitations of the UFOV and the idea of the
Useful Field (2.3). This section will conclude with a discussion of
applied research which has recognized limitations of the UFOV and
the narrow Useful Field interpretation respectively (2.4), and how
this work has addressed some of the aforementioned
shortcomings.

2.1. A brief overview of the UFOV

The common UFQV test (Ball and Owsley, 1993; Clay et al., 2005)
uses three visual tasks to allow the researcher to map a subject’s
“useful” field, a region of visual space in which attending to objects
is easy (but not perfect). First, the subject's ability to identify a
foveal stimulus in the absence of other stimuli is determined (UFOV
Subtest 1). Second, a peripheral localization task is performed in
conjunction with a simultaneous foveal identification task (UFOV
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Subtest 2). Third, the same dual task is performed (peripheral
localization and foveal identification), with the complication that
the foveal target is surrounded by distractor stimuli (UFOV Subtest
3). In UFOV Subtests 2 and 3, the duration and eccentricity of
stimuli are manipulated to obtain a given level of detection per-
formance. These approximate, to a degree, the driver's ongoing task
of maintaining a representation of the forward roadway, while
simultaneously detecting changes in the periphery. As originally
described, the UFOV test was part of a larger battery of visual as-
sessments (Ball and Owsley, 1991; Bowers et al., 2005; Owsley et al.,
1991), and explicitly evaluated a drivers' ability to attend to single
and multiple targets. The UFOV test certainly assesses drivers'
ability to attend to different areas of the visual field within the
spatial extent of the test itself, but does not, by any means, assess
the entire visual field, nor is it designed to, although it can and has
been used in concert with other assessments (Matas et al., 2014).

2.2. Driving research with the UFOV and Useful Field

Unlike perimetric tests used in clinical assessments of periph-
eral vision, the UFOV test does not require specialized equipment;
the modern implementation of the test (from Visual Awareness)
requires nothing more esoteric than a personal computer. Given
this, it is no wonder that the UFOV assessment has been widely
adopted in driving research, with more than three thousand papers
having used or referenced it since its initial release as a commercial
assessment in 1993 (per Google Scholar). Of particular relevance to
the driving research community, the size of the Useful Field has
been shown to decrease with age in subjects without other visual
pathologies (Ball and Owsley, 1991, 1993; Ball et al., 2010; Clay et al.,
2005; Owsley, 1994). Perhaps most intriguingly, decreases in the
size of drivers' Useful Field correlate with their likelihood of auto-
mobile accident involvement (Ball et al.,, 2010; Ball and Owsley,
1991; Clay et al., 2005; Owsley, 1994; Owsley et al., 1991). This
suggests that the UFOV test is a powerful tool for assessing drivers’
visual capabilities, and has a role in research and assessment.

2.3. Limitations of the UFOV and the Useful Field

The UFOV is a simple, easily administered assessment, with
considerable predictive power, but it is not without limitations.
First, most UFOV assessments only test peripheral targets up to 20-
30° eccentricity (Fig. 1), and thus do not report a Useful Field
measurement larger than that testable extent (Ball et al., 1988).
Assessing subjects' ability to allocate attention within this range
has proven remarkably useful, but even a 30° radial range is
considerably smaller than the entire extent of the visual field.
Second, the UFQV test measures goal-directed attention to localized
targets, rather than more broadly assessing what peripheral infor-
mation subjects can acquire or use. The test was designed to study
divided attention to a pair of foveal and peripheral objects, in order
to capture effects anecdotally reported by subjects (e.g., that they
were surprised by objects moving into their central field, as dis-
cussed by Ball and Owsley (1993)). However, in doing so, it exclu-
sively focuses on subjects’ ability to attend to objects. Processing
individual objects, particularly in the periphery, comprises a
limited subset of visual processing. While such tasks are useful in a
driving context, the test is neither exhaustive nor intended to be so.

However, in the two decades and more since Ball and Owsley's
seminal paper, the UFOV has evolved, enabling myriad new in-
vestigations of visual attention in driving. However, these more
recent adaptations (Dobres et al., 2013; Oxley et al., 2013; Wolinsky
etal.,, 2011), have moved to a laptop-based version of the UFOV, and
use an even smaller 15-20° range than the original (1993) assess-
ment. The great benefit of this shift to a more portable assessment

Fig. 1. A comparison of the human binocular visual field (based on the work of
Traquair (1927); the mapped visual field is represented by the bow-tie shaped outline)
with the range of the Useful Field of View task scaled appropriately. The innermost
dotted ring is 10° radially from the point of fixation; the fovea and parafovea would be
3° radially at most. The red circle marks 30° of eccentricity from the fovea, the size of
the Useful Field of View assessment region as described by Ball and Owsley (1993). The
solid black circle is 90° radially from the point of fixation. Note that the binocular
visual field extends to nearly 70° above the fovea, 80° below, and in excess of 100° to
the left and right, far beyond the range assessed by the UFOV test. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version
of this article.)

(versus the standalone Visual Attention Field Analyzer used pre-
viously (Ball and Owsley, 1993)) has been that a wide variety of
studies have become possible, particularly examining the extent to
which the Useful Field can be improved with training inside and
outside the laboratory.

This shift has allowed the assessment to go to the subject, rather
than the subject needing to come to the assessment, which has
facilitated studies of how the Useful Field changes with training.
The history of the UFOV and the Useful Field that it measures has
shown that Useful Field performance improves with training (Ball
et al., 1988), and there is some evidence that this training has
some benefits on the road (Ball et al., 2010; Ball and Owsley, 1993),
although the generalizability of these results has been questioned
(Rabipour and Raz, 2012). However, it has also been suggested (Ball
et al., 2010; Ball and Owsley, 1993; Clay et al., 2005; Owsley, 2011)
that training drivers to look and attend more broadly may be more
effective, since task-specific learning is often difficult to transfer to
a new task (Rabipour and Raz, 2012).

2.4. Driving research addressing limitations of the UFOV and the
Useful Field

Though the UFOV has been widely adopted, the driving research
community has been aware of its limitations. We noted that the
UFOV covers a limited spatial extent compared to the whole visual
field, and some recent work has addressed this issue. In addition,
the Useful Field has been shown to change based on task and gaze
location. One study adapted the classic UFOV task to cover a much
greater spatial range — out to 70° (Itoh et al., 2009). Their results
record Useful Fields up to 40° radial extent in some conditions;
much larger than the 15-20° radial extent normally measured.
While such a large display (or equivalently, such a short viewing
distance) is comparatively impractical for general purpose UFOV
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testing, these results do suggest that the Useful Field may not be
constant across testing parameters and spatial range. Along these
lines, recent work with the gaze-contingent UFOV (Gaspar et al.,
2016) allows subjects to move their eyes, and suggests that the
Useful Field may change dynamically depending on task and,
potentially, on gaze location within the driving scene. This vari-
ability in measured Useful Field extent suggests that while Useful
Field size correlates with on-road behavior, a single measurement
of the Useful Field should not be treated as definitive. The extent of
a driver's Useful Field appears to vary based both on the spatial
range of the test, and on the task(s) they are asked to perform as
part of the assessment.

Furthermore, Crundall et al. (1999) offer evidence that disputes
the narrow interpretation of the Useful Field — that it is the only
region of visual input processed. They advocate an understanding
of the Useful Field and the region of visual space beyond it that is
not dichotomous. Their work examined subjects’ ability to detect
hazards in video clips of road scenes, and they found a decrease in
detectability of hazard cues with increased eccentricity, but no
evidence for a hard cutoff, as suggested by the narrow perspective
on the Useful Field. They advocate a dynamic view of the Useful
Field, echoing the more recent work of Gaspar et al. (2016), sug-
gesting that thinking beyond the Useful Field is essential to un-
derstand what the driver can and cannot perceive in their
environment. Simply put, the mapped Useful Field should not be
taken to be an aperture of perfect vision beyond which all is useless,
and there is increasing evidence in the driving literature in support
of this view.

3. Vision from a basic science perspective

To communicate our understanding of peripheral vision from a
basic vision science perspective, this section will review recent
research and theory on peripheral vision, and discuss how this
work relates to the questions we set out in the introduction. To
begin, we will discuss what recent research has shown peripheral
vision to be capable of, and a state-of-the-art theory of peripheral
vision (3.1). Since the UFOV test also addresses divided attention,
we then move on to a discussion of visual attention, and its role (or
lack thereof) in a modern conception of peripheral vision (3.2). We
will then discuss why a modern understanding of peripheral vision
poses significant challenges for a Useful Field-focused view of
vision (3.3) and end with a discussion of what we believe periph-
eral vision is useful for in the broad context of driving (3.4).

3.1. Peripheral vision: capabilities, limitations and theory

For clarity, this section is divided into a review of what pe-
ripheral vision can and cannot do (3.1.1) and an overview of a
modern theory of peripheral vision which accounts for recent
experimental results, and, we believe, can inform a more complete
understanding of peripheral vision in driving (3.1.2).

3.1.1. Capabilities and limitations of peripheral vision

Peripheral vision, as we have previously mentioned, is different
from foveal vision — there are anatomical differences beginning in
the retina, as well as differences in how peripheral input is repre-
sented in the brain. However, the fact that peripheral vision is not
the same as foveal vision does not limit the usefulness of the in-
formation acquired from peripheral vision for activities such as
driving. To begin with, the decrease in acuity with increased ec-
centricity, which is quite moderate to begin with (Anstis, 1974),

does not cripple tasks which are performed with peripheral vision.

Research has shown that observers can process visual scenes
more quickly than they can make an eye movement; in fact, one can
acquire a basic understanding (gist) of a scene in less than 100 ms
(Greene and Oliva, 2009; Oliva, 2005; Oliva and Torralba, 2006), a
process which would be impossible without peripheral vision.
Getting the gist of a scene does not require attending to objects
within the scene (Fabre-Thorpe, 2011). Rather, observers can get
the gist in a glance too short to shift attention (Thorpe et al., 1996),
and even when attention is divided between the scene task and
other tasks (Li et al., 2002). A single glimpse at a scene is sufficient
because peripheral vision is immensely capable of informing higher
order understanding.

Among its other uses, peripheral information is good for esti-
mating the average feature value (e.g. average size) of a set of
similar items, a process usually referred to as ensemble coding of
visual features or ensemble perception. Critically, ensemble
perception is entirely dependent on peripheral information;
ensemble representations of emotion can even be generated in the
complete absence of foveal information (B.A. Wolfe et al., 2015). The
ability to estimate ensemble properties gets at an underlying truth
of peripheral vision, namely that while it acquires a great deal of
information, it does this at the expense of detailed information for
each individual object (see Fig. 2a for an example). This ability to
extract ensemble properties has been shown for a wide variety of
stimuli (object size, (Ariely, 2001), object orientation, (Dakin and
Watt, 1997), and even the average emotion of a group of faces
(Haberman and Whitney, 2007; Yamanashi Leib et al., 2014)). A
particularly notable example in a driving context is the ability to
extract mean pedestrian heading (Sweeny et al., 2013). Peripheral
vision enables the visual system to, for example, obtain a useful
average of a group of similar items — whether they are pedestrians
walking en masse, or the size of rocks on the road — but at the
expense of identifying individuals within this group.

Peripheral objects are particularly difficult to identify in the
presence of visual clutter, a phenomenon usually referred to as
visual crowding. When there are multiple objects near each other in
the periphery, they become difficult to identify, but they remain
detectable (Bouma, 1970; Whitney and Levi, 2011). Crowding makes
it difficult for a driver to distinguish various dials in a vehicle's
instrument console when looking at the forward roadway, though
they maintain visual awareness of the dials' general location.
Crowding also makes it difficult to read a GPS system while keeping
one's eyes on the road. Crowding is a problem of visual processing,
not of the resolution of the retina — even quite far in the periphery,
visual acuity is sufficient to read isolated small text (Anstis, 1974) —
but in the world, surrounded by other objects, the name on a street
sign becomes impossible to read (Fig. 2b). Note that neither acuity
nor crowding are precipitous decay functions; rather, they are
gradual and linear with eccentricity from the point of gaze. While
some information from the periphery is lost, quite a bit is retained,
and is available to other visual processes, including that which is
used to perceive the gist of a scene. Examples of this retained in-
formation in driving include whether a right turn lies ahead, what
city the driver is in, distinguishing a parking lot from an urban
street, and identifying locations for an object like a stop sign
(Ehinger and Rosenholtz, 2016). The driver may not be able to read
a street sign when it is in his or her periphery, but can maintain a
sense of its general location, and shift the point of gaze to read it. In
fact, the act of planning this eye movement makes the crowded
object more identifiable immediately before the eye moves (B. A.
Wolfe and Whitney, 2014), suggesting that there is more than
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Fig. 2. Illustrations of ensemble perception and crowding. (a) Ensemble perception is your ability to determine the average size of the circles in this figure at a glance; as we discuss
in the text, this is not limited to simple features, and requires peripheral vision. (b) If you fixate the cross to the right of the letters, you will notice that the A without letters around it
is easy to read, while the A below it, flanked by X and Z, is much harder to read. While this is illustrated with letters for simplicity, crowding occurs between any and all objects in

peripheral vision.

sufficient information not only to guide eye movements, but to
facilitate perception of the world in their absence, or in the absence
of covert attention to an eccentric object.

3.1.2. The Texture Tiling Model, a modern theory of peripheral
vision

The periphery has enough detail to allow observers to direct
their subsequent actions — but how does the visual system repre-
sent the periphery as a whole? Current theory suggests that, in
doing so, the brain sacrifices irrelevant detail, while retaining suf-
ficient information to facilitate much of what we commonly think
of as vision — and to direct later action. This is accomplished
through textural compression, which is a critical component of the
Texture Tiling Model, developed by Rosenholtz and colleagues
(Balas et al., 2009, 2011; Rosenholtz, Huang and Ehinger, 2012a;
Rosenholtz, Huang, Raj, Balas and Ilie, 2012b). This model implies
a much more complex role for peripheral vision, explain the results
and phenomena thus far discussed and do so without relying on
attention to the degree that earlier models did. As we will discuss,
in many cases what once was considered the domain of attention
can be explained by the nature of peripheral representations
themselves (Rosenholtz, 2016), removing the need for attentional
binding as required by earlier theories (Treisman and Gelade, 1980).

The Texture Tiling Model of peripheral vision suggests that pe-
ripheral input is encoded in the brain via a set of summary statis-
tics, in a sense compressing the input to reflect available resources.
Effectively, sizeable swathes of local peripheral regions are effi-
ciently encoded like textures, rather than trying to maintain rep-
resentations of each and every object in the world. For example,
when one is driving, there is no need to represent each leaf on a tree
to the side of the road — representing the leaves as a single leaf
texture, retaining much of the detail of the original objects, is more
than sufficient. Such a compressed representation captures many of
the important details of the original image — the fact that there are
leaves on the tree — while losing some of the precise configuration
of the details (as shown in Fig. 3). Such a representation can explain
the inability to identify crowded objects in the periphery, because
their details are compressed to save capacity.

Consider that the driver does not need to represent each surface
in the world with high fidelity. The small details of the road envi-
ronment are not relevant to her need to drive safely. A compressed
representation spares capacity for more critical needs. That a car is
present in the next lane is relevant, but less important is what
model of car. In essence, the Texture Tiling Model suggests that the
visual periphery is represented by summarizing, but not collapsing,
each texture in the scene, and representing it with a rich set of
summary statistics that serve to capture quite a bit about the
appearance of that “texture”, rather than trying to represent it in

consciously available detail. This retains much of the information
available, but at the expense of some detail and some spatial fi-
delity. So, the car in the next lane is still visible, but it does not have
the same detail that it would if the driver were to gaze directly at it.
In essence, much of the information from the scene is present but
not readily accessible to conscious mental processes. Oftentimes,
knowing that the information originated from a general spatial
location is good enough to direct further action.

The Texture Tiling Model also enables visualizations of how the
brain might represent peripheral input, and thus gain an intuition
for what the available information allows us to accomplish. Outputs
from the Texture Tiling Model appear distorted. The distortion
represents portions of the image that are ambiguous or unclear due
to compressed peripheral representation. Looking at examples
(Fig. 3), we can see that the model suggests that peripheral vision
retains much of the information required for human observers to
perform many visual tasks (e.g., visual search). The representations
of peripheral information are imperfect, but far from useless. These
visualizations also hint at why the measured Useful Field may
depend on the stimulus and peripheral task: the utility of the
available information, according to the Texture Tiling Model, de-
pends upon both task and stimulus complexity.

To look at this through the lens of visual search, when looking
for the correct button on the center console to turn the heat on, you
need to have a sense of where to look, and the representation of the
world from peripheral vision provides enough information to make
a useful eye movement. These peripheral representations are
capable of supporting perceptual learning even when the subject is
unaware of the stimulus (Watanabe et al., 2001), and allow for the
rapid perception of natural scene gist in the absence of eye move-
ments or shifts of attention (Ehinger and Rosenholtz, 2016; Le Hoa
Vo and Wolfe, 2015; Oliva, 2005). Given this, peripheral vision, as
different as it is from foveal vision, is much more capable than often
supposed, and we have yet to fully understand all that can be done
with peripheral vision alone.

3.2. Attention, inattention and visual perception

Having discussed the capabilities of peripheral vision in general,
we will now turn to attention as a concept within vision science,
including a discussion of its basic properties, how it has been pre-
viously thought of in larger theories of perception, how we think of
it now, and how vision operates both with and without attention.

3.2.1. Considering attention

The question of visual attention and its role in visual perception
is an essential one. These questions have been asked since the
inception of modern vision science (in the 19th century; c.f.
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Fig. 3. Visualizing the information available in peripheral vision depending on fixation location. (a) An unmodified photograph of a highway scene near Boston, MA with an exit
sign. The red circle around the letter b in the panel visualizes a 15° radial Useful Field of view. The letters b, c and d overlaid on the image indicate different fixation locations used
for the visualizations in subsequent panels. (b) Photograph from (a), with the point of fixation on the forward roadway ahead of the vehicle, after being processed through the
Texture Tiling model to visualize how peripheral information might be represented. Notice the degree to which the scene remains generally recognizable, and how the visualization
changes with increased eccentricity from the leading vehicle. Also, note that the region corresponding to the Useful Field (as shown in (a)) is not left inviolate by this transformation.
In particular, the exit sign remains recognizable, and the positions of other vehicles remains fairly stable, although some details are lost. (c) Photograph from (a), visualized with the
point of fixation on the exit sign; notice that vehicles in the left lane are somewhat obscured, but detectable. There are considerable cues for lane-keeping, including the left road
edge, which lies far from the point of gaze. (d) Photograph from (a), visualized with the point of fixation on the van in the far right lane. The exit sign is still visible, but the left lanes
of travel are nearly unrecognizable, predicting suboptimal performance localizing nearby vehicles. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

(Helmholtz, 1898, translated 1924; James, 1890)). The presumed
role of attention in vision (and what, in vision, can be accomplished
without it), has evolved as a result of over a century of research (see
(Carrasco, 2011) for a modern review of recent work).

It had been previously theorized that attention was the linchpin
that allowed us to perceive objects. Treisman's Feature Integration
Theory (Treisman and Gelade, 1980) posited that perceiving objects
required attention to bind their disparate visual features together,
and that in the absence of attention to a given object, the repre-
sentation reverted to jumbled features. The narrow Useful Field
theory has no doubt been influenced by this theory of attention; in
both theories, little perception occurs in the absence of attention.
However, it is also worth noting that classic theories of attention
(e.g., Feature Integration Theory) suggest even less perception in
the absence of attention than does Useful Field theory. In fact,
detailed perception in classical attentional theory is often thought
to be limited to the presently attended object, rather than a larger
range around the current point of fixation.

However, recent research has called into question the role of
attention in visual perception in a number of ways. Behavioral
research has shown that complex scenes and their contents can be
perceived faster than this theory allows (Li et al., 2002). Further-
more, Feature Integration Theory was based on results from visual
search experiments, in which search was presumed to be slow due
to the need to serially shift attention to bind features. More recent
work has suggested instead that due to confounds in those exper-
iments, we cannot take difficult search to imply that attention is
needed to bind features and perceive objects (Rosenholtz et al.,
2012b). In fact, many visual phenomena that were once consid-
ered to be due to attentional mechanisms can instead be attributed
to the intrinsic nature of peripheral vision and how peripheral

information is represented in the brain (Rosenholtz, 2016). In turn,
this suggests that much of vision is not gated by attention, and a
great deal of perception can be achieved in its absence. This in-
cludes perception both at the fovea and in peripheral vision. Given
current thinking, a modern account of vision places less weight on
serial attention to objects in the scene, and a greater weight on the
capabilities of peripheral vision even in the absence of selective
attention.

3.2.2. Inattentional vision

The majority of vision occurs without serial selective attention
to individual objects; there is simply too much information and not
enough time for all of perception to be managed by serial atten-
tional processes that only identify one object at a time. Selectively
attending to objects in the world is a time-intensive process
(Carlson et al., 2006), and while you can attend to multiple objects
at the same time (Cavanagh and Alvarez, 2005), the number of
objects in most environments exceeds the number of objects that
can be tracked together. While selective attention is limited, being
able to attend to objects when needed is useful to identify them,
but identifying individual objects is not always necessary or useful.

What happens in the absence of selective attention, or when
attention is focused on another task? Perhaps the best known result
here is the tendency to miss an irrelevant gorilla in the center of the
visual field (as memorably shown in the classic work of Simons and
Chabris (1999)). Although gorillas are uncommon on the road, it is
entirely possible to miss a dramatic change in the driving envi-
ronment if otherwise occupied (c.f,, (Rumar, 1990; Strayer et al.,
2003)). While it is possible to safely navigate the world and avoid
obstacles when attention is directed elsewhere (Tractinsky and
Shinar, 2008), the details of these obstacles are likely to remain
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unnoticed, even if notionally relevant (Hyman et al., 2014). In
addition, a variety of tasks have shown that people can integrate
information from across the visual field in the absence of selective
attention to individual elements (Haberman and Whitney, 2012;
Oliva, 2005), showing that the visual system does not rely on se-
lective attention for all of perception. Selective attention is quite
limited, but observers are remarkably capable of using visual in-
formation in its absence to navigate the world — even if they miss
the occasional unicycling clown (Hyman et al., 2010).

The vast majority of vision is a non-attentive process, and this
fact is what allows people to perform other tasks simultaneously,
such as driving. It is critical that people attend to objects in the
world when they need to, but at the same time, the ability to
perceive the world in the absence of attention is essential. Selective
attention is, itself, imperfect, as shown by the phenomenon of
drivers looking but not seeing (or, as we would have it, perceiving)
relevant objects in the world. The UFOV assesses drivers’ ability to
selectively attend to objects, which is a critical component of their
ability to perceive their environment, but this is only a subset of
how the driver acquires the information they need. The fact that
Useful Field extent is correlated with driver behavior makes it a
useful tool, but not a universal explanation of vision in the context
of driving. It is essential to understand that selective attention is not
the sole determinant of perception, and that the vast majority of
vision operates in its absence.

3.3. Against a narrow interpretation of the Useful Field

The Useful Field is an immensely appealing concept, and a
deeply intuitive one. However, the narrow interpretation, where
visual input from outside the Useful Field is not thought to be
processed, is at odds with more recent work in human vision. This
narrow conception of the Useful Field bears considerable resem-
blance to ideas that were pervasive in basic vision science until
fairly recently. Many basic researchers once considered foveal
vision (and a small region surrounding the fovea, not dissimilar in
extent to the Useful Field) as the only truly useful portion of the
visual field. This was often paired with the view that unattended
vision (which often meant peripheral vision) had access to only a
jumble of image features incapable of supporting more than the
most crude sort of recognition (Treisman and Gelade, 1980). In
other words, this theory implied that peripheral vision was of little
use without attention. This view, while inaccurate by our current
understanding, had a certain appeal, dovetailing as it did with both
the notion of attention as necessary for detection, inherent in
narrow Useful Field theory, and reports of “tunnel vision” under
extreme stress (c.f., (Mackworth, 1965; Ringer et al., 2016; Williams,
1985, 2009)).

In contrast, we advocate a more nuanced approach to the Useful
Field and peripheral vision more broadly. Thinking of the Useful
Field as a hard boundary defining a region of useful or even perfect
vision, while simple and appealing, is incorrect. This is apparent
from our visualization of a road scene in Fig. 3, where fine details
are degraded well within the Useful Field, but sufficient informa-
tion is preserved to be useful throughout the image. However,
objects at any significant eccentricity will also be unidentifiable due
to crowding (Whitney and Levi, 2011), and will require an eye
movement, rather than covert attention, to identify them (Harrison
et al., 2013; B. A. Wolfe and Whitney, 2014).

In addition, Useful Field extent is variable depending on task and
stimulus properties (Gaspar et al., 2016; Itoh et al., 2008). While the
Useful Field, as measured with a specific task, might indicate a
region of space where selective attention is easy for that task,
talking about the Useful Field as if it were invariant across task and
tested extent is inaccurate. Crundall et al. (1999, 2002), in their

work on drivers’ ability to detect hazards on the road, do not find
evidence for a hard limit on visual perception. As a result, they, like
us, advocate for an understanding of the Useful Field as a region
wherein it is easier for the driver to notice relevant changes, yet
outside of which it remains entirely possible to notice those
changes.

In considering visual perception in driving, we would move
away from a singular focus on what the driver has attended to in
the scene, and towards a more holistic understanding of how the
driver perceives the scene. Understanding how the periphery is
represented, as described by the Texture Tiling Model, facilitates
this new understanding, because these holistic representations are
sufficient to perform many tasks required for driving. Considerable
evidence suggests that human observers — including drivers —
receive a great deal of detailed information from throughout the
visual field, not just within the Useful Field, and that this infor-
mation is available to support safe driving. Critically, selective
attention to objects plays a smaller role than previously thought in
this larger process. In addition, using the Texture Tiling Model in
interpreting the results of UFOV assessments and naturalistic
driving may facilitate more complete explanations of successes and
failures in a given task.

3.4. Reflections on peripheral vision and its role in driving

In addition to recent developments in basic vision science,
which lead to a different and deeper conception of the capabilities,
limitations, and mechanisms of peripheral vision, relevant work on
the utility of peripheral vision has also appeared in applied
research. It would be a rare theory or experiment in the applied
literature that did not ascribe at least some capabilities to periph-
eral vision, if only at the level of peripheral vision being useful for
lane keeping (Mourant and Rockwell, 1972; Summala et al., 1996).
Applied work has shown that drivers can detect brake lights in the
periphery far beyond the driver's Useful Field, and in fact out to the
limits of the visual field (Lamble et al., 1999; Yoshitsugu et al.,
2000). Work by Crundall and colleagues has examined drivers'
ability to perceive hazards in road scene video away from their
point of gaze (1999, 2002). Their results show that even complex
information, which cues a driver to an emergent hazard, can be
perceived outside the Useful Field. As a result, they advocate for a
more unified understanding of the Useful Field and the more
eccentric regions of the visual field.

Given basic human vision research into the capabilities of pe-
ripheral vision for scene perception, as well as predictions of the
Texture Tiling Model as to what information is available for scene
tasks, a fruitful topic for future work in the applied literature is
consideration of peripheral vision in the context of situational
awareness and its development (Endsley, 1988; Smith and Hancock,
1995). This question has become particularly important in light of
two recent developments, namely the greater potential for drivers
to distract themselves by engaging with a mobile device (e.g., a
smartphone), and the advent of partially automated vehicles which
permit the driver to not attend as closely to the operating envi-
ronment, but, in turn, demand that the driver take over when
needed. The impact of distraction on drivers' situational awareness
has been the focus of considerable research (Kass et al., 2007; G.
Underwood, Ngai and Underwood, 2013; Young et al., 2013), indi-
cating that distraction reduces drivers’ awareness of their envi-
ronment. We would add a new thought here — a distracted driver,
particularly one who is attending to a mobile device rather than to
the road — is, as a result, attempting to develop situational
awareness with peripheral input alone, because their point of gaze
prevents them from using central vision to acquire information
from the environment outside the vehicle. Understanding what
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peripheral vision can and cannot do is essential to understanding
how awareness is constructed from all available visual input.

Similarly, the question of how long a driver of an automated
vehicle needs in order to develop situational awareness when
called upon to do so (Lu et al. 2017) also requires an understanding
of what visual information is available to the driver. Measuring
situational awareness is a considerable challenge in its own right,
but in order to both measure it and to theorize about it, researchers
should first acquire a deep understanding and appreciation of how
drivers' visual systems can and cannot acquire information, and
how that information is represented. With this in hand, essential
future work on situational awareness and drivers' ability to repre-
sent the world around them will better represent drivers’ actual
capabilities and limitations, and facilitate design and policy that is
cognizant of these factors.

4. Conclusions

The UFQOV, as a tool for assessing visual attention within a
limited portion of the visual field, provides an accessible means to
examine a critical aspect of driving in vision — namely, drivers’
ability to attend to objects entering the center of their visual field
while nonetheless noticing objects in their periphery. The Useful
Field, as measured by the UFQOV test, encourages an intuition that
peripheral vision is not terribly important — that drivers might as
well be contending with tunnel vision with a radius of 15—20°, and
perhaps a few global motion cues, like optic flow (useful for lane-
keeping), in the periphery beyond (Mourant and Rockwell, 1972).
While there are certainly differences between central and periph-
eral vision, both in terms of the information available and how that
information is represented, it was our goal to expand the consid-
eration of visual input, as it were, to include the entire periphery,
not simply the portion defined as useful. We are not advocating
that the applied research community discard either the UFOV as a
test or the Useful Field as a concept, but rather that, in light of
recent work in basic vision science research, that their use be
reconsidered in the context of our increasing understanding of the
capabilities of peripheral vision.

We have three core recommendations that build on and extend
the understanding of visual perception implicit in the use of the
UFOV as a primary assessment. The UFOV is an assessment of visual
attention within a specified region of space, but attention is a
limited resource, and is not and cannot be the only process which
serves the driver's perception of the road environment. The UFOV
should be used in cognizance of the fact that a driver's situational
awareness is built on a foundation of unattended input, and that the
UFOV does not assess the driver's ability to acquire this essential
information. Related to this, the UFOV is a test of the central portion
of the visual field, and while much useful information does appear
in this region, much does not. Therefore, future considered use of
the UFOV should be aware of this limitation and use the UFOV in
concert with a more wide-ranging assessment of the visual field.
Using the UFQV as a primary selection tool, to determine whether a
person’'s innate capabilities predispose them to being skilled at a
given vehicular task is problematic, given its inherent limitations.
We believe the UFOV should continue to be a tool in a wide range of
applied contexts, but it should not be thought of as a universal
answer for questions of visual perception in driving. It is a useful
tool for assessing visual capabilities in a subset of the visual field,
but selective attention is not all of vision, nor can a test of it be a
comprehensive assessment.

Understanding peripheral vision beyond the spatial scope
measured by the UFQV is of increasing importance given the vast
changes underway in the driving experience. The shift towards
increased automation in the vehicle will result in increasing periods

of time when the driver is oriented well away from the roadway,
rendering it imperative that we consider the capabilities and lim-
itations of vision throughout the entire field of view. In particular,
the focus of the UFOV on selective attention, while important, ig-
nores the fact that much of visual information acquisition and
processing does not require attention. The efficient allocation of
attentional resources requires a robust representation of the entire
visual field, and this representation on its own enables the per-
formance of many tasks without requiring attention. Peripheral
vision has its own strengths and weaknesses, but there is a great
deal more information available than our intuitions about vision
might suggest. The recent development of the Texture Tiling Model
suggests a way forward — if we can begin to consider how the
periphery is represented, we can consider what information is
available to the driver, and how the nature of peripheral vision may
explain driver behavior and performance.

Building on this, we would argue that responding to situation-
ally relevant events and maintaining complete basic operational
control is often accomplished without top-down attention to every
element of the scene. In short, drivers may not be aware of the
location and identity of an object outside their Useful Field, but
their visual system has nonetheless processed a great deal of useful
information, and the resulting representation of the world is suf-
ficient, in many cases, to guide action. As the world begins to
transform from one of manually controlled automobiles (that
require some level of continuous attention to the forward road) to
more automated vehicles, a more detailed understanding of the
capabilities of the peripheral visual field may be essential to un-
derstanding a driver's ability to maintain a sufficient level of situ-
ational awareness. In summary, the role of peripheral information
in the driver's development of awareness may be an important
consideration going forward, particularly in the design of interfaces
aiming to enhance this awareness.

Our goal in writing this paper was to build on the foundation
that the widespread use of the Useful Field and the UFOV has
created in driving research, and to introduce a wider audience to
recent work in vision science that has come to consider the role of
peripheral vision in a new light. Our hope is that by introducing
these findings and theories to a new audience that they will foster a
new appreciation for the complexities and capabilities of peripheral
vision, encompassing what has been learned from the UFOV and
the Useful Field, leading to more a complete understanding of the
role of peripheral vision in situational awareness and safe driving.
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