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ATTENTION FACTORS ASSOCIATED WITH HEAD-UP DISPLAY
AND HELMET-MOUNTED DISPLAY SYSTEMS

Introduction

More than thirty years of research and application of head-
up display (HUD) and, more recently, helmet-mounted display (HMD)
technologies have witnessed disputes within the aviation
community concerning these devices' operational effectiveness,
safety, and user acceptance. HUDs and HMDs provide the means of
presenting virtual images of cockpit instruments superimposed on
the external world. These images may be either the direct
vision, out-the-window (OTW) scene (as illustrated in Figure 1),
or the output of imaging systems such as cameras or infrared
sensors. Both the HUD and HMD present instrument displays
collimated to optical infinity in the pilot's forward field of
view. The collimated image is designed to appear to be at
optical infinity--that is, at the same apparent distance as the
real-world OTW scene.
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Figure 1. An illustration of HUD symbology
superimposed on an out-the-window view. Grid
lines do not appear in the HUD display.

The HUD typically generates the virtual image at or near the
windscreen; the HMD generates the virtual image in components
mounted on the aviator's helmet. The HMD generally presents the
instrument symbology to only one eye, as in the AH-64 Integrated
Helmet and Display Sight System (IHADSS). The HUD's and HMD's
intention is to permit the pilot to monitor essential flight




information without having to look down at the cockpit instrument
panel.

Although both these virtual imaging systems are being
incorporated into a wide variety of military aircraft (Roscoe,
1987a), they have been the object of vigorous support (e.g.,
Weintraub, 1987; Weintraub, Haines & Randle, 1984) and troubled
doubts (e.g., Iavecchia, Iavecchia, & Roscoe, 1988; Roscoe,
1987a,b). Problems identified with HUDs have been disorientation
(Barnette, 1976); misjudgments of apparent size, distance, and
angular direction of terrain features associated with instrument
myopia (Iavecchia, Iavecchia, & Roscoe, 1988: Roscoe, 1987b); and
degraded detection of critical events (Weintraub, Haines &
Randle, 1985) and targets at optical infinity (Norman & Ehrlich,
1986). These problems are reviewed in detail by Grubb and
Ruffner (in preparation).

Research to date has been dominated by investigations into
the specific perceptual and performance problems created by
virtual imaging systems. Much less of the research has been
aimed at finding ways to reduce or compensate for the visual and
cognitive sources of these problems. This review examines the
cognitive psychology, information processing, and individual
differences literature for indications of possible improvements
in HUD and HMD implementation and use. Although no ready-made
solutions are hidden in existing research, a number of promising
directions Jor evaluation and exploratory research have been
uncovered.

Issues

The nature of the optical effects of virtual image displays
has now been well documented (Grubb and Ruffner, in preparation).
However, the cognitive and perceptual aspects of simultaneously
attending to the symbology and OTW scene have become focal points
of our research. Issues currently under investigation by
researchers interested in HUDs may be categorized broadly as (a)
whether the combined HUD and OTW image evokes serial or parallel
processing of the total visual array, and (b) how spatial and
object perception affects the processing of information from the
combined HUD and OTW image. Examples of investigations that
define these two issues are discussed in the following section.

. Parallel vs. serial processing. The conventional cockpit
imposes serial processing of instruments and the external world

by virtue of the pilot having to visually scan and focus
attention either on the instrument panel or OTW. Parallel
(simultaneous) processing of instrument and OTW information is
made physically possible by superimposing the symbology on the
OTW scene. Researchers have attempted to determine whether
parallel processing implicit in the HUD concept is realized in
practice. Parallel processing of information is closely
associated with sharing attention among the diverse perceptual
elements of the overall visual array.




The potential of parallel processing of overlapping
information sources has been investigated with HUD-associated
aviation tasks and more general information processing tasks.
Typical of the first type of investigation is a study by Foyle,
Sanford, and McCann (1991), in which subjects flew a simulated
slalom course under conditions that included (a) HUD altitude
readings present or absent and (b) buildings present or absent.
The ground was represented by a grid pattern, and small pyramids
denoted the flight paths. The task was to fly a flight path
(i.e., follow the pyramids) at an altitude of 100 feet.

The buildings-present condition provided altitude references
integral with the external world. On the other hand, the HUD
provided altitude information as part of a perceptual object
separate from the external world view. Performance differences
were predicted to hinge on whether parallel processing of
altitude informatisn would be better for the external (building-
referenced) or the internal (HUD-referenced) source.

The HUD condition resulted in better maintenance of altitude
but at the cost of larger deviations from the prescribed flight
path, supporting a similar finding by Brickner (1989). However,
the buildings-present condition also resulted in improved
altitude maintenance, but without concomitant increases in flight
path errors. The results support the conclusion that parallel
processing was not occurring with the attentionally segregated
HUD and external scene.

This failure to find parallel processing with superimposed
attentional objects is consistent with the results of a
frequently cited study by Neisser and Becklen (1975). Their
study presented subjects with two superimposed (i.e., completely
overlapping) videotapes, each depicting different kinds of
events. Subjects were required to signal the occurrence of
significant events in one, the other, or both videos. Subjects
could do so effectively only by attending to one, but not both,
of the videos. However, in a recently published study, Stoffregen
and Becklen (1989) used the same experimental dual-task paradigm
to demonstrate that subjects could attend to two videos (one
showing a three-man basketball game and the other an actor's face
animated with various expressions).

In the Stoffregen and Becklen (1989) study, detection of
target events in both videos significantly improved over two days
of practice. Correct detections reached 75% when the targets
were all visual or all auditory in both videos. Detections
improved to 89% in a cross-modal condition in which visual cues
were attended to in one video and auditory cues in the other
(attending to redundant auditory and visual target stimuli in
both videos did not further improve detections). Maximum
detections attained in control subjects who viewed one film only

reached 90% and 93% for the unimodal and cross-modal conditions,
respectively.




To what do Stoffregen and Becklen (1989) attribute this
demonstration of parallel processing of both videos? First, they
note that the natural events in their videos have familiar
temporal sequences: a ball toss and a particular facial
expression each has characteristic anticipatory movements.
Subjects presumably could use cues based on familiarity with the
dynamics of target events to schedule their attentional shifts
and focus on the scene with the highest potential of a target
event occurring. Secondly, Stoffregen and Becklen gave their
subjects extensive practice in the target detection dual-tasks.
On Day 1 of practice, subjects were performing at the same level
as the subjects in the hallmark Neisser and Becklen (1975) study.
On Day 2, however, subjects improved to the point that they were
performing at or close to asymptotic levels.

Other research discussed later in this review will
underscore the importance of two determinants of performance in
multiple-task, divided attention situations. One such
determinant is the marshalling and use of attentional strategies,
which coordinate experience-based perceptual and cognitive
skills. The other is situation-specific practice in a given
multiple-task situation.

Spatial vs. object perception. Current thinking about the
limitations in the ability to see several things at once (and
then report about them) is divided between spatial-based and
object-based theories of visual attention.

Spatial-based theories are based on the notion that
attention is focused only on a small area of visual space. Full
perceptual analysis can be performed within this "visual
spotlight," which frequently is regarded as having a visual angle
of about 1° of radius or is adjustable outward from that value to
some degree (Johnston & Dark, 1986).

Object-based theories, on the other hand, attribute
limitations in visual attention to the number of separate objects
that can be seen. One such theory is that of Neisser (1967), who
proposed a two-stage process. The first stage, referred to-as
preattentive, partitions the visual scene into separate objects
based on Gestalt properties such as continuity of contour, and
common color or shape. The second stage, focal attention,
analyzes a particular object in more detail. Parallel processing
is thought to occur in the preattentive stage and serial
processing in the focal attention stage.

Until recently, spatial and object attention theories
considered attention in only two-dimensional space. Previc
(1989), however, proposed a theory of three-dimensional spatial
attention and applied it to HUD design considerations. His
analysis revealed that the two dimensions of the frontal visual
plane are processed as separate gquadrants. He proposed that
attention is facilitated by placing related information elements




into a single quadrant. This arrangement results in the
information being processed in one "attentional glance." The
third dimension of visual attention is near and far space,
corresponding to personal and extrapersonal visual space, respec-
tively. The perceptual analysis of far visual space benefits
from brain mechanisms for perceiving highly detailed images.

Previc (1989) claimed that, for most individuals, processing
of far visual events is biased towards the upper quadrants,
especially the upper right hemifield. "This feature of our
visual system strongly implies that the most important
alphanumeric information on the HUD display (i.e., altimeter
readings) should be placed in its upper right quadrant, since the
pilot will ideally be attending to the distant OTW environment
when viewing the HUD" (p. 2). Other information, including
attitude displays, should be positioned to make use of near
vision. Near vision capabilities are global in character; that
is, near vision is spatially distributed and tolerant of various
forms of image degradation. Therefore, HUD information presented
in the lower quadrants should capitalize on images and forms
consistent with global perception characteristics.

Previc's (1989) provocative ideas are aimed at resolving two
aspects of HUD design: where to position information requiring
detailed focal processing and where (and how) to convey spatial
orientation (attitude) information. Previc conceded, however,
that:

many HUD tasks cannot be performed preattentively and
in parallel [using near vision], including those
requiring identification of letters and digits, or fine
orientation discriminations. Still, it would be
advisable in these cases to present only one digit or
fine analog readout per HUD gquadrant to maximize the
efficiency of the pilot's focal attention resources.

(p. 12)

In other words, those HUDs improved using Previc's guidelines
still require dividing attention among various elements of the
display. 1Individual display elements need to be monitored and
associated with outside events or models of the state of the
aircraft. Although Previc's ideas significantly contribute to
HUD design from the perspective of spatial and object perception,
they do not resolve the issues associated with focused and
divided attention. Moreover, it is unclear how Previc's

guidelines apply to symbology that is presented to one eye, as is
the case with the HMD.

This review examines the attention literature to ascertain
under what conditions individuals are able to divide attention
between tasks and among complex visual arrays. Laboratory
findings in focused and divided attention may suggest new avenues
for HUD and HMD research. Individual differences in attentional
abilities have not yet been examined, and they may represent a




significant variable in performance differences of pilots using
HUDs and HMDs. Therefore, this review examines what is known
about individual differences in attention and how these findings
relate to HUD and HMD use. This review also explores the
attentional and cognitive information processing implications of
presenting symbology to one eye. What is known about processing
binocular information from the HUD may not be able to be
generalized to the dichotic situation provided by the HMD.

Attention

HUDs and HMDs present visual processing requirements that
call on complementary aspects of attentional processes.
Processing inputs from the OTW scene and the flight data
symbology can be said to require dividing attention between the
two. In this discussion, focused attention (also referred to as
selective attention) refers to processes associated with a
selected portion of visual space. Focused attention entails
processing of spatial relations and objects of perception, and
implies a selection of elements or object dimensions for the area
under scrutiny. Attention to features within a HUD or HMD display
might best be understood from a focused attention perspective.

Divided Attention and Time-Sharing

Divided attention refers to an individual's ability to
switch attention between different sources of stimulation,
different aspects or characteristics of complex stimuli, or
different tasks performed concurrently. The ability to perform
multiple tasks in combination is frequently referred to as
time-sharing ability (Ackerman, Schneider, & Wickens, 1984).

In recent years, the dual-~task performance paradigm has been
used to explore various theoretical and applied problems
associated with divided attention. Among the theoretical issues
is the nature of attentional resources; that 1is, whether
attentional capacity 1s a unitary or multidimensional resource.
Examples of practical issues that have been explored with the
dual-task paradigm are the nature of operator workload and the
design of complex multi-task work environments, such as those
found in aircraft cockpits.

With respect to multitask work environments, Wickens,
Mouptford, and Schreiner (1°81) pointed out four approaches to
achieving efficiency in dual-task performance:

1. Training of individuals to obtain a high degree of
proficiency in time-sharing.

_ 2. Configuring systems in such a way that operators
simultaneously perform tasks that can be efficiently shared, but

serially perform task combinations whose dual-task efficiency is
low.




3. Configuring the relative location of task controls and
displays in such a way that time-sharing efficiency will be
maximized.

4. Judicious selection of individuals who are relatively
more competent to perform in time-sharing environments.

The first two approaches suggest themes that will be used in
the following examination of the attention literature relevant to
HUD/HMD issues. The third approach is not discussed in this
review. The fourth approach (personnel selection) is covered in
a subsequent section.

A study conducted by Damos and Wickens (1980) provides a
good example of the procedural details of a laboratory-oriented
dual-task situation. 1In addition, the study reports evidence of
tha existence of time-sharing skills. The purpose of the
experiment was to ascertain whether (a) distinct time-sharing
skills develop in different task combinations, (b) specific
time-sharing skills, such as parallel information processing or
intertask switching, can be identified, and (c) general
time-sharing skills exist that will transfer among complex tasks
that do not share common elements.

The study used discrete information processing tasks and
identical compensatory tracking tasks. One of the information
processing tasks was a classification task that regquired the
subject to determine whether two displayed digits varied on two
dimensions: size and name. The subject determined the number of
dimensions on which the two digits varied and the¢n pressed one of
three keys. The second information processing task was a short
term memory task that involved randomly selected digits (between
1 and 4) presented sequentially to the subject. The subject
committed the presently displayed digit to short term memory and
identified the value of the most recently presented digit.
Responses were made on a four-choice keyboard. Both tasks were
self-paced such that a new stimulus did not appear until the
subject made a response. These two tasks, simultaneously
presented on a computer screen as shown in the upper portion of
Figure 2, constituted one dual-task situation.

The compensatory tracking task required subjects to keep a
moving circle centered in a horizontal track by making
appropriate lef.-right manipulations on a joystick. Two displays
(together with a feedback feature) were presented on a computer
screen. Subjects' compensatory corrections to the deviation of
the circle from the desired target point were input through
joysticks controlled by the left and right hands. One joystick
corrected one display, and the other joy-stick corrected the
second display. Dual-task compensatory tracking is depicted in
the lower portion of Figure 2.
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Classification
Task

Two digits between 5 and 8
appear that vary on two
dimensions

* Size
*« Name
Subject determines number

of dimensions on which
digits are alike

OXOXO,

Response keypad
for left hand

Left hand operates
joystick to keep ———»
circle centered

Figure 2.

Memory Task

Digits 1 through 4 presented
in random order. Subject
responds with digit preceeding
displayed digit

Example:

Desired
Performance

_/ Une\

Moving

22

L Ol i

Response keypad
for right hand

Bars provide continuous

+——  feedback to control task

priorities

Right hand operates

<*— joystick to keep circle

centered

Examples of tasks used in a dual-task experiment.




For both the discrete information processing tasks or
compensatory tasks, a dual-task condition required the subject to
perform two tasks in combination. The identification of a task
specific time-sharing skill was made by comparing tasks performed
singly with those tasks performed in combination. The existence
of a general time-sharing skill focused on a transfer condition
that presented dual-task compensatory tracking after practice on
dual-task information processing.

Task specific time~sharing ability was demonstrated in both
the information processing and compensatory tracking dual-task
situations. Dual-task performance improved over trials, whereas
performance on the tasks performed singly remained stable. The
most effective response strategy in both dual-task situations was
rapid (less than 99 msec) responding to stimulus onset, referred
to as the simultaneous strategy. Less effective strategies
(revealed by higher interresponse intervals) were strategies of
(a) alternation between tasks and (b) massing responses to one
task before switching to the other.

Transfer of a general time-sharing ability was demonstrated
for the group that practiced the information processing dual-task
prior to completing trials on dual-task compensatory tracking.
Because no common structural elements existed between the
information processing and compensatory tracking situations,
Damos and Wickens (1980) concluded that a general time-sharing
ability developed under the information processing condition.
Subjects who completed the information processing tasks singly,
rather than in combination, demonstrated negligible transfer.

In discussing their results, Damos and Wickens (1980)
ermphasized the importance of selecting task combinations such
that time-sharing skills make a significant contribution to
performance.

Simply requiring two tasks to be performed "concurrently"
does not insure that timesharing skills will contribute
significantly to multiple-task performance .... It may be
presumed that the inputs to the two tasks must be
statistically uncorrelated and that the response selection
and execution stages of the two tasks can not be integrated.
If either of these two conditions is not met, the subject
may be able to combine the tasks and reduce the processing
load to a single-task rather than a multiple-task level.
Task combinations which require timesharing skills also
should show a performance decrement when compared to
single-task levels of performance indicating that the tasks
have not been integrated and that there is some time
pressure on the subject to perform the task. (p. 20)

Other investigators are divided on the issue of whether a
general time-sharing ability exists. Fogarty found a time-
sharing ability for selected tasks in one study (Fogarty &
Stankov, 1987), but could not find such a factor based on a




broader range of complex cognitive tasks drawn from the
psychometric (i.e., intelligence testing) domain (Fogarty, 1987).
In an analytically oriented review of the time-sharing issue,
Ackerman, Schneider, and Wickens (1984) reexamined some of the
key experimental studies in time-sharing. Their assessment of
these studies is summarized in Table 1.

Three of the four studies that Ackerman, Schneider, and
Wickens (1984) reviewed could not be used to support the notion
of a general time-sharing ability. However, they concluded that
the correct methodological approach for future investigations of
a general, time-sharing ability will rely on (a) a model of
time~sharing ability (either theirs or some other) and (b)
adherence to guidelines on the use of multivariate techniques.

Whereas recent discussions have explored the admissibility
of time-sharing as a general, trans-situational ability, many
other studies have demonstrated the emergence of specific
time-sharing skills in dual-task situations. Allport, Antonis
and Reynolds (1972 ) demonstrated that subjects could shadow
prose heard through earphones (i.e., repeat what they heard),
while at the same time sight read music and play the piano. 1In
the same vein, Shaffer (1975) reported a subject who could shadow
text or letters while typing. Evidence for the capacity to read
text while writing lists of dictated words was provided by
Spelke, Hirst, and Neisser (1976) and Hirst, Spelke, Reaves,
Caharack, and Neisser (1980).

In addition to demonstrating the ability of individuals to
perform complex information processing tasks concurrently, these
studies also point out the role of practice in attaining
effective dual-task performance. To reach pre-experimental
reading criterion in their reading-writing dual-tasks, Spelke,
Hirst et al. provided between 30 to 50 hours of practice to their
subjects. 1In contrast, Allport et al. showed acceptable piano
playing scores in their music student subjects after ten minutes
of practice in shadowing. These studies, together with those of
Damos and Wickens (1980) and Damos, Bittner, Kennedy, and

Harbeson (1981), all report that dual-task performance improves
over trials.

The sensitivity of dual-task performance to practice effects
has led some investigators to interpret time-sharing as an
acquired skill, rather than as ability (e.g., Hirst & Kalmar,
1987). Within this framework, Schneider and Detweiler (1988)
reviewed the evidence that attaining criterion on single-task
performance does not result in immediate dual-task proficiency.
Despite single-task proficiency, dual-task effectiveness requires
training that generally produces substantial performance improve-
ments. They propose a connectionist/control architecture
model that predicts that as a skill is acquired, performance
progresses through five stages. Dual- or multi-task performance
results from a qualitative change in processing. This is a recent
model, however, and has not yet received empirical verification.

10




Table 1

Summary of Ackerman,

Schneider, and Wickens (1984) Critical

Review of Significant Time-Sharing Ability Articles

Article

Limitations

Conclusions

Jennings &
Childs (1977)

Sverko (1977)

Hawkins,
Rodriguez &
Reicher
(1979)

Wickens,
Mountford &
Schreiner
(1981)

Poor reliability of per-
formance measures

Low subjects/variables
ratio

Significant practice
effects

Arbitrary number of fac-
tors and incorrect rota-
tion approach for factor
analysis

Failure to examine per-
formance trade-offs
between dual-tasks

Inappropriate use of prin-
ciple components analysis
and difference scores

Correlations between sin-
gle and dual-task combina-
tions not reported. Sin-
gle-task abilities were
therefore not assessed
against dual-task ability
reported

Number of factors and
rotation in factor anal-
ysis inappropriate

Use of difference scores
between single- and dual-
task measures supported

Report of no time-
sharing ability
based on faulty
analysis

Report of no time-
sharing ability
based on faulty
analysis

Individual differ-
ences in single
tasks probably ac-
count for time-
sharing ability

Reanalysis of data
revealed significant
loading on a dual-
task factor. General
time-sharing ability
supported.
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Support for the trainability of a time-sharing strategy
involving visual scanning was provided by Gabriel and Burrows
(1968). They addressed the problem of dividing attention between
instruments inside the cockpit and the outside scene, a problem
that is very similar to a central issue in HUD usage. Their
research involved determining pilots' individual scanning
patterns and then using adaptive training techniques to decrease
instrument scanning time and to increase outside scanning time.
The technigue was effective in increasing pilots' detection of
targets outside the cockpit without concomitant decreases in the
qguality of flight control or of detecting out-of-tolerance
instrument readings.

In contrast to time~-sharing viewed as a skill, the
predominant current theoretical position is that time-sharing is
a manifestation of capacity or resources allocation. Capacity
and resource theories have both predictive and explanatory power
that earlier attention theories were incapable of addressing.
Theories from thirty years ago about attention did not recogni:ze
individuals' ability to process multiple inputs or perform
multiple tasks concurrently. Broadbent, who is credited with
resurrecting attention research (Lachman, Lachman, & Butterfield,
1979, p. 183), equated attention with consciousness, which can
handle only one input at a time. The contents of consciousness
were controlled by a system that permitted all incoming sensory
information to be placed into short-term storage. A filter
selectively admitted a portion of the short-term store into the
limited capacity perceptual system. Broadbent's filter theory
postulated reception of a great deal of information received in
parallel, but only the transmission of information into further
processing that fulfilled specified requirements (through so-
called "tuning" of the filter). Information on that channel
entered consciousness, where it was subjected to serial
processing, but information left in the store was lost unless
processed within seconds of reception.

Treisman (1964) revised Broadbent's filter theory and
presented evidence that the meaning of to-be-attended material
determined what was admitted to consciousness (i.e., meaning was
the basis of filter tuning). Alternative theories of Deutsch and
Deutsch (1963), Norman (1968), and Neisser (1967) postulated that
parallel processing occurred in later stages of the perceptual
system, but that conscious processing still remained limited to
one channel, capacity, or analyzer. The admission that
preconscious processing occurs paved the way for the view that
attention could be thought of as processing capacity coupled with
conscious processing (Lachman, Lachman, & Butterfield, 1979).

Development of resource theory was advanced by the
publication of Kahneman's theory of effort (Kahneman, 1973). In
his view, attention is a limited resource that can be flexibly
allocated. Allocation is determined by enduring dispositions
(e.g., always attend to one's own name), momentary dispositions
(e.g., concentrate on reading this paragraph and ignore the
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conversation in the hall), and the difficulty of performing a
given task. Kahneman's theory provided an explanatory framework
for both task interference and time-sharing with its postulate
that "... the ability to respond to simultaneous inputs should
depend primarily on the demand of activities among which
attention is to be divided" (p. 148).

At the same time that Kahneman published his theory,
Treisman and Davies (1973) proposed that stimulus features may be
processed in structures called analyzers. Implications of this
theory of attention are as follows:

a. Responding to the same dimension of various objects is
hard, whereas responding to various features of the same stimulus
is easy.

b. Dividing attention among stimuli in the same modality is
more difficult than dividing attention between stimuli in
different modalities.

c. Each analyzer functions as a single channel in which
processing is serial. Different analyzers can function in
parallel.

Treisman and Davies (1973) showed that monitoring two
auditory or two visual messages was more difficult than
monitoring one auditory and one visual message. Allport, Antonis
and Reynolds (1972) found difficulty in monitoring two auditory
messages, but they found effective division of attention between
auditory shadowing and sight reading. More recent investigations
of this theory are discussed in the section on focused attention.

In taking stock of divided attention research and
theorizing, Navon and Gopher (1979) observed that in the same way
that researchers had abandoned the single channel theory in favor
of a single pool theory of attentional resources, a more refined

view is that multiple resources are available for information
processing:

Not only can the processing system as a whole be
involved in several activities in variable proportio