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Introduction

The main purpose of this thesis is to provide one perspective of the understanding of human spatial orientation (SO). This perspective emphasizes the
contribution of vision to SO, in an endeavor to investigate some conceivable
interventions for prevention of spatial disorientation (SD) in aviation. The
main problem is that pilot SD has ended lives in a frequent and regular way
for decades, and the work presented here could perhaps provide guidance for
the implementation of countermeasures. This thesis is founded on research
about aspects of conceivable interventions and their plausible effectiveness
once technology may allow their appropriate implementation.
First introduced are the fundamental definitions of SO and SD in aviation,
the main SD predicament and etiology, and commonly used SD countermeasures with some related issues. Second, the important coupling of perception
and action is discussed in relation to vision for action, multisensory integration, and peripheral vision displays, followed by the integral thesis concepts
visual flow and intuitive displays. Mentioned is also the notion of intuitive
multisensory displays. Third, some methodological issues and considerations
related to display interface design conclude the introductory part. Next, the
specific thesis aims are clarified and followed by the condensed presentations of the performed empirical studies. Finally, the general discussion section concludes this thesis with summary and final remarks.

Spatial Orientation and Disorientation
Whereas SO and SD might denote the ability and disability, respectively, to
specify the direction to a particular place1, the meaning of these terms in the
aviation domain almost exclusively concerns perceived relation to the general environment or space. That is, the perceived ego-centered orientation in
coordinates of earth-fixed space is emphasized, as opposed to the relation to
particular objects and places. Thus, the SD phenomenon can be described as
“an erroneous sense of one’s position and motion relative to the plane of the
earth’s surface” (Gillingham, 1992, p. 297). It has also been characterized as
when “the aviator fails to sense correctly the position, motion or attitude of
his aircraft or of himself within the fixed coordinate system provided by the
1

This can be considered geographical orientation and disorientation (e.g. Gillingham, 1992).
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surface of the earth and the gravitational vertical” (Benson, 1978a, p. 405).
In this terminology, SO is primarily dependent on sensory signals from vision and somatosensory and vestibular systems, and the sensory signals are
processed by the central nervous system (CNS) to regulate bodily position,
posture, and movement. This constitutes the lion’s share of the comprehension of SO in general as well as in aviation, and the major parts of this thesis
are in line with this notion.
An even broader operational definition might be useful in the undertakings of trying to combat SD in aviation. Consequently, based on the categorization of flight instrument parameters, Gillingham (1992) stated that it
might be better to consider SD as “an erroneous sense of the magnitude or
direction of any of the aircraft control and performance flight parameters”
(p. 298). This could perhaps be regarded a too comprehensive definition.2
The underlying components captured by it, however, can be critically important for successfully aiding pilot SO. Therefore, complementing the major
parts of this thesis, some aspects of this broader definition are included that
primarily relate to SO aids already implemented in some aircraft.

The SD predicament
Although humans essentially evolved as terrestrials, we nevertheless experience moments of losing SO in our natural activity of self-propelled locomotion. Being subject to SD in the condition of piloting an airborne aircraft,
however, is commonly more compelling and comes with a more unforgiving
set of risks. SD is an important cause of serious accidents in both military
and general aviation.
The prime source of fatalities in general aviation is responsible for more
than 24% of all fatal accidents and is labeled ‘controlled flight into terrain’
(CFIT) (Bolton & Bass, 2008). CFIT means that the aircraft is under control
and inadvertently flown into the ground, other terrain obstacle or water. It is
characterized by a deficient perception and comprehension of the situation,
that is, loss of situation awareness, when flying at low level and in low visibility. SD represents one type of loss of situation awareness, and CFIT is
more or less exclusively connected to SD in that the vast majority of CFIT
accidents involve a misjudgment of altitude (cf. Previc & Ercoline, 2004b).
This is thus an example of an accident cause when the pilot does not attempt
to correct for being oriented differently than intended, simply because of not
realizing that she or he is disoriented. Pilots are far more likely to have an
accident in this condition than when recognizing to be in a state of SD. Still,
even when realizing the disorientation the recovery of orientation and control of the aircraft can be very difficult (e.g. Gillingham & Previc, 1993).
2

SD definitions differing in comprehensiveness can also be found in, for example, Benson
(1978a) and Previc and Ercoline (2004b).
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Moreover, it is especially in low visibility that the SD states lead to fatal
consequences. Flying primarily by the visually degraded scene outside the
cockpit in bad weather conditions, which demands flying by the instruments,
is a significant contributing factor in 90% of all fatal weather-related accidents in general aviation (Coyne, Baldwin, & Latorella, 2008). Thus, particularly when deprived of crucial visual references the perceptual systems
can be completely unreliable for the establishing of correct SO during flight.
Additionally, the information of the flight instruments seems to neither elicit
instinctive SO responses nor to sufficiently attract to fly by it. Too many
pilots obviously fail to attend to and act upon the flight instruments as frequently as they should (Coyne et al., 2008; Ercoline, DeVilbiss, & Evans,
2004).
As for military aviation, the main pattern is about the same. Lyons, Ercoline, O’Toole, and Grayson (2006), for example, reported that the proportion of SD mishaps of all US Air Force mishaps in the period 1990-2004 was
.11. Of the nighttime mishaps, this proportion was .23. In addition, SD accounted for .69 of the fatal accidents. The US Air Force yearly rate of total
loss of aircraft and/or pilot, that is, class A mishaps3, has been significantly
reduced over the past 30 years or so. However, the yearly rate of the SD
related class A mishaps has been relatively constant (e.g. Heinle & Ercoline,
2003). With the US Air Force, Navy, and Army combined, the SD mishaps
of US military aviation account for about 40 lost lives per year (Small,
Wickens, Oster, Keller, & French, 2004). Based on a survey performed in
the UK, Holmes, Bunting, Brown, Hiatt, Braithwaite, and Harrigan (2003)
also point to SD as being a significant hazard of military flying.
Previc and Ercoline (2004b) express the predicament in a slightly different and succinct fashion:
Spatial disorientation (SD) represents a failure to maintain SO, which in the
flight environment all too frequently proves catastrophic. Indeed, SD, as
broadly defined, constitutes over 25% of all fatal mishaps in military aviation
and an even larger percentage of mishaps specifically related to pilot factors
[italics added].
Previc & Ercoline, 2004b, p. 1.

The human factor effects thus are dramatically evident and difficult to ignore. SD is a well-recognized cause of accidents around the world although
estimates of its prevalence vary (e.g. Newman, 2007). The loss in terms of
lives and materiel is considerably large, and, for example, the monetary costs
of SD burden the US Department of Defense alone with over $300 million
per year (Wickens, Self, Andre, Reynolds, & Small, 2007). Furthermore, the
3

In short, the term “class A mishap” means that an aircraft is destroyed, or a life lost, or more
than $1M is required to repair the aircraft (Heinle & Ercoline, 2003).
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combination of a relatively constant class A mishaps rate related to SD and
increasing monetary costs for aircraft construction, and investments in the
pilots, results in a general increase in the monetary costs of SD. Obviously,
the SD problem has unfortunately not been solved over the years. This is in
spite of considerable research on the mechanisms of SO, modifications of
aircraft systems and displays, and programs for education and training. This
is not to mean that significant improvements have not been made, but that
their actual impact on the problem is considerably less than desirable. In this
connection, Bles (2004) states that “the ever-increasing maneuverability of
the aircraft, the increase of the pilot’s workload to almost unacceptable
levels, and the increase in the demands of the flight conditions” (p. 509) are
reasons for the apparent ineffectiveness of pilot SD training. For example,
besides flying day and night, low level, and in formation, the pilot is flying
more head-down4 when dealing with the multitude and complexity of systems in the modern and highly maneuverable fighter aircraft. The increased
understanding of SO and the improved human-machine interfaces are not
fully capable of compensating for the overall increase in the demands on the
military aviator (Bles, 2004).
Also part of the complexity of this predicament is the variety of manifestations of SD. Not only do several kinds of spatial illusions exist that are
non-visual or visual, but also it is generally considered that three main types
of SD can be discerned. These main types are the unrecognized (Type I), the
recognized (Type II), and the incapacitating (Type III). Type II can though
be considered inclusive of the rarer events of Type III, because, in the words
of Benson (2003), “the aviator is generally aware of his or her difficulty so I
consider it to be an expression of an extreme form of a Type 2 S.D.” (p. KN4). Type I is generally considered most deceptively hazardous, causing pilots
instinctively to make erroneous control actions that put aircraft in dangerous
attitudes, too often ending in fatal crashes or serious incidents. Consequently, the pilot may make a CFIT, or may lose control altogether, because
of not recognizing being spatially disoriented. Benson (2003) shows in a
diagrammatic representation how Types I and II can affect the piloting of an
aircraft, see Figure 1. Note that the causal links to an accident include three
possible control types consisting of inappropriate control (CFIT), loss of
control, and degraded performance. Thus, although the human factor in most
cases can be thought of as the natural and important stabilizer in the closed
control loop of the human–aircraft system, it is perhaps not hard to realize its
imperfection. Previc and Ercoline (2004b) describe a general sequence of
events that starts with the pilot flying “without awareness of being oriented
differently than intended (Type I SD), for anywhere from a brief moment to
an extended period of time lasting tens of seconds or even longer” (p. 22).
4

‘Head-down’ refers to the pilot needing to look down into the cockpit to see the information
presented by instruments and displays below the line of sight of the out-the-window view.
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This stage in the sequence often transitions to an SD awareness (Type II)
that in turn may lead to incapability to recover control with an ensuing disorientation stress (Type III, or extreme form of Type II). Whereas the pilot in
both Types II and III may unsuccessfully try to get back in control all the
way to ground impact, control is usually reestablished although the amount
of time needed can be considerable (Previc & Ercoline, 2004b). Moreover,
this successive progress of ‘stages’ is not necessarily what happens when SD
manifests itself because a Type II can occur immediately without a prior
Type I, and a Type III can be experienced without a prior Type II conflict
(Previc & Ercoline, 2004b).
Percepts of Aircraft SO
FALSE

VERIDICAL

Unawareness of Error
Type I SD

Awareness of Conflicting Percepts
Type II SD
Error
Recognized
Conflict
Resolved

Control Based on
False Percept
Disorientation
Stress
Inappropriate
Control

Loss of
Control

Correct
Control
Degraded
Performance

Aircraft
Accident

Safe
Flight

Figure 1. A representation of how the SD Types I and II can affect the pilot’s control of the
aircraft. Adapted and modified (broken arrows) from Benson (2003). (See Previc and Ercoline (2004b) for a version explicitly including SD Type III.)

One important difference between transportation by car and aircraft is, of
course, that flight is less constrained regarding translational (linear) and rotational (angular) motion in three-dimensional space. (The aircraft maneuverability is accentuated in the agile or super agile flying machines constituting
fighter aircraft.) Traveling by car or train means surface transportation and
could therefore, figuratively put, be labeled ‘two-dimensional modes’ in
comparison to the less motion-restricted flight mode. This entails unusual
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gravitoinertial force5 (GIF) conditions in the aviation environment, in contrast to the relatively low sustained velocities and accelerations we essentially have been constrained to in close vicinity to stable ground (Bles, 2004;
Benson, 1978a, b, 2003; Bos, Bles, Hosman, & Groen, 2003; Cheung,
2004a; Gillingham & Previc, 1993; Lackner & Dizio, 2004, 2005). Sensory
conflicts are therefore common during flight because the visual, vestibular,
and somatosensory types of stimuli co-vary in an unusual manner for the
human perceptual systems. This unusual co-variation or sensory conflicts
can lead to pilot SD. Furthermore, our ontogenetical development of the
perception of correct SO is naturally intertwined with or indistinguishable
from the development of the dynamic perception–action coupling (Bertenthal, Rose, & Bai, 1997; Lee, von Hofsten, & Cotton, 1997; von Hofsten,
1993, 2004, 2007). Our orientation and sensory-motor control mechanisms
are thus naturally tuned to self-movement, characterized by low sustained
velocities and accelerations, in the background acceleration level of earth
gravity (e.g. Lackner & Dizio, 2000; Previc & Ercoline, 2004b). That the SD
states lead to erroneous control actions in flight, with fatal consequences at
times, is therefore not surprising and could be viewed as virtually natural
particularly in the condition of unrecognized SD (Type I). Along these lines,
Benson (2003) concludes his perspective given at a symposium in a carefully
weighed serious tone:
It is apparent, however, that despite an understanding of the multiple aetiology of S.D., and the efforts made to combat the problem [,] S.D. is still with
us. It is, I fear, likely to remain so, so long as there is a human in the control
loop [italics added]. I am not sanguine that S.D. and accidents caused by it
will ever be entirely prevented.
Benson, 2003, p. KN-8.

There is thus a fundamental difficulty regarding the human in conjunction
with the forces playing in flight. Our development of correct orientation is
essentially connected to self-movement in our natural habitat as specie on
the surface of the earth. We are not designed for the aviation environment,
and flight maneuvers in specific circumstances definitely demonstrate our
physiological and perceptual limitations (Ostinga, Wolff, Newman, &
White, 1999). Taken together, it undoubtedly seems impossible to adapt or
aid the aviator to attain complete neutralization of SD experiences and accidents. We are more or less led into the very core of this enduring problem:
We will probably continue to experience and succumb to SD in aviation because our senses or perceptual systems have evolved in and adapted to the
conditions of self-propelled movement in the 1g environment on earth.
5

Inertial force (e.g. acceleration) caused by transport in a vehicle or self-movement and gravity combine into gravitoinertial force (GIF).
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Gillingham (1992) compared it though to the problem of G-induced loss
of consciousness (G-LOC). Although recognizing the greater complexity of
SD, for example, “G-LOC is basically a problem of cardiovascular hydraulics”6 (p. 306), he nevertheless declared that the efforts made in developing
the training, the hardware, and the research on underlying SO mechanisms
will eventually have a significant impact (in the not too distant future). Similarly, one can be “more hopeful that techniques, procedures and training …
will be of benefit and will reduce the number of accidents, save lives, and
enhance operational effectiveness” (Benson, 2003, p. KN-8). Yet, these two
latter rather optimistically delivered problem characterizations are separated
in time by ten years, and this time-period includes some intensified efforts to
neutralize or reduce the SD problem. As one indication of intensified efforts,
Gillingham (1992) noted a fivefold increase in the funding of SD countermeasures R&D in the five years leading up to 1992. Several hundred million
dollars were also invested in an SD countermeasures research program for a
five-year period following the John F. Kennedy Jr. crash in 1999 attributed
to SD. In general, whereas improvements have been made the main SD
problem is still with us, both in military and general aviation.
One may ask what may then make a significant difference in the support
of the aviator’s SO. What guiding human factor(s) principles may be considered worth pursuing in this challenge of combating SD? One critical factor is
that we normally rely heavily on visual information to maintain SO, which in
turn, as will be further argued, can be of decisive importance in several ways
when piloting an airborne aircraft.

Non-visual mechanisms and illusions
The vestibular and somatosensory systems provide the primary non-visual
information of SO. They allow us to maintain balance, posture, and a sense
of position and movement when there is no visual input to the SO process.
The somatosensory system primarily consists of receptors in the muscles,
tendons, joints, and skin that can be conceptualized as proprioceptors and
tactile sensors. Vision and audition can also be incorporated as ‘proprioceptors’ in a sense or to some degree, but are normally not included in the primary categorization of the somatosensory system (e.g. Cheung, 2004a;
Lackner & Dizio, 2005; Lee & Lishman, 1975). The Golgi tendon organ,
muscle spindle, joint capsule, and Pacinian corpuscle can be considered the
key proprioceptors and tactile sensors (Cheung, 2004a). The central process6

High G forces arise from flight maneuvers with high accelerations, as in an aircraft sharp
turn leading to a centripetal acceleration. The high G force is in this case in the head to foot
direction (+Gz) and “press down the blood pillar” reducing blood pressure and blood flow in
the brain. It may eventually lead to G-LOC. In fighter aircraft, it is commonly counteracted by
the pilot’s pressurized anti-G suit and his/her specific muscle and respiratory straining bodily
maneuvers.
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ing of their efferent and afferent signals makes it possible to have a sense of
position and movement of the body parts.
The tactile sensors of the skin mainly consist of the four mechanoreceptor
types the Meisner and Pacinian corpuscles, the Merkel disks, and the Ruffini
endings (e.g. Cheung, 2004a; van Erp, 2007). They respond to touch, pressure change, and vibration, and signal sensations of pain and temperature.
The Meisner corpuscles are found only in the hairless skin, such as on the
soles of the feet or the palms of the hands. They adapt moderately to light
touch and lower frequency vibration, and detect the motion and velocity of
the skin deformation. The Pacinian corpuscles are found in both hairy and
hairless skin, and adapt rapidly to larger pressure changes, vibration of
higher frequencies, and transient touch. The Ruffini endings also are found
in both hairy and hairless skin and adapt slowly in responding to sustained
pressure and touch. Finally, the Merkel disks are mainly found in hairless
skin, and adapt moderately slow to static displacement used in tactile discrimination of high resolution (van Erp, 2007). The mechanoreceptors are
not evenly distributed in the skin of the body, and, for example, the fingertips contain about 100 receptors per cm2 and the back of the hand about 10
per cm2. Similar to the stimuli for the proprioceptors, the tactile stimuli will
generally elicit responses in several types of receptors with the touch experience based on the combination of responses (e.g. Johansson & Birznieks,
2004).
As one type of proprioceptors, the Golgi tendon organs respond to tension
changes or stretching. Together with the muscle spindles that respond to
stretching, they provide the basis for reflexes stabilizing joints that maintain
balance and posture (Lackner & DiZio, 2005). The tendon organs and the
muscle spindles are arranged differently and have different patterns of nerve
impulse discharge during muscle contraction. The tendon organs have a
higher threshold for discharge than the muscle spindles, and the discharge
frequency is always lower for the tendon organs. When a muscle and muscle
spindles are stretched, the impulse frequency that is transmitted to the CNS
increases proportional to the degree of the stretching. The sense region of the
muscle spindles in the muscles make their activation interrelated to the activation pattern of muscle fibers controlled by motor neurons in the spinal
cord. Together with signals about load on the body and limb, the angle and
rate of change of the muscle-controlled joint can be computed (Lackner &
Dizio, 2005). Illusions can be induced from mechanical vibration around
100-120 Hz of the muscle fibers and spindles. For example, vibration of the
neck muscles induces an illusion of head rotation and displacement. An induced vibration of the biceps brachii muscle is interpreted as a lengthened
biceps and the forearm will feel more extended than it actually is (Lackner &
DiZio, 2005). In addition, a visible target attached to the hand of the arm
with the vibrating biceps will be perceived as shifting in position towards the
apparent position of the hand – the oculobrachial illusion (Lackner & DiZio,
16

2005; Lackner & Levine, 1978). If vibration is induced on the Achilles tendons of blindfolded subjects, they perceive a body tilt forward or even a full
360° body rotation around the pitch axis (Lackner & DiZio, 2000; Lackner
& Levine, 1979). In fact, the subjects experiencing the 360° body rotation
also exhibited compensatory eye movements – nystagmus7 – that would be
elicited by the real body rotation. Vibration of skeletal muscles can evoke
apparent motion and displacement of the body or body parts in numerous
configurations that strongly supports that muscle spindle activity contributes
to perception of limb position and body orientation (Lackner & DiZio, 2000,
2005). The joint capsules contain receptors that are Ruffini-like, Golgi tendon organs, and Paciniform corpuscles, and around the joint Pacinian corpuscles and free-nerve endings are found (Cheung, 2004a). It has been postulated that these mechanoreceptors signal the position, direction, and velocity of the joint, but joint-receptor signals cannot code the angles of joints
solely or unambiguously. Muscle spindles, cutaneous mechanoreceptors, and
muscle activation and motor commands all contribute to the representation
of body position (Lackner & DiZio, 2000).
The vestibular system has an approximate size of a large pea, about 1.5
cm across, and is located bilaterally symmetric in the inner ear or labyrinth.
Its function is important for three main reasons (Gillingham & Previc, 1993).
It provides (1) information for the reflexes serving to stabilize vision when
head- and body-motion would otherwise result in a blur of the retinal image;
(2) orientation information as reference for the automatic execution of both
skilled and reflexive motor activities; and (3) an estimate of motion and position of the head and body (Gillingham & Previc, 1993). The vestibular
system consists of the otolith organs and the semicircular canals that are
non-auditory sensory organs with separate receptor systems (e.g. Cheung,
2004a).
The semicircular canals are three orthogonally oriented ring-like canals
or ‘tubes’ that are fixed relative to the cranium and contain sensory hairs and
a fluid called endolymph (Lackner & DiZio, 2005). The canals respond to
angular accelerations. They respond to rotation in the three dimensions because of their orthogonal orientation. In other words, they generally respond
to angular accelerations around the axes x, y, and z of the Euclidian system,
corresponding to movements of roll, pitch, and yaw, respectively (Figure 2).
A gelatinous and elastic membrane called ‘the cupula’ is located within an
enlargement of each canal and encapsulates the cilia of hair cell receptors of
the canal walls. Because of its low viscosity, the endolymph lags relative to
the canal walls in response to a rotary acceleration of the head. The resulting
pressure in the endolymph causes a deflection of the cupula-hair cell complex, and the angular acceleration of the head causes deflections either away
from or toward the ampulla. These deflections decrease or increase the affer7

Characteristic involuntary eye movement, see p. 19.
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ent discharge rate relative to the discharge rate that signals the stationary
state of the head (Gillingham & Previc, 1993; Lackner & DiZio, 2005).

yaw

x-axis

y-axis

pitch
roll

z-axis
Figure 2. The angular motions of the head around the axes x, y, and z that correspond to
movements of roll, pitch, and yaw, respectively. (These axes are shown in Figure 6 as referenced to an aircraft.)

The otolith organs consist of aggregates of calcium-carbonate crystals,
otoconia, that are embedded in a gelatinous membrane encapsulating the
cilia of hair cells connected to the skull-fixed utricular or saccular nerves
(Cheung, 2004a; Lackner & DiZio, 2005). The utricular otoliths are oriented
approximately horizontal in the coronal plane of the head and the saccular
otoliths are oriented approximately vertical in the sagittal plane.8 Because
the gelatinous membrane that the otoconia are embedded in has a much
higher density than that of the endolymph, the sensory hairs bend when the
head attitude is changed relative to gravity. Thus, the otoliths are responsive
to linear accelerations, including the gravitational vertical, that displace the
otoconia and thereby bend the hair cells (Benson, 1978a). The hair cells of
both the utricle and saccule are tuned to different directions of acceleration
8

The coronal plane divides the body from top to bottom into the ventral (front) and dorsal
(back) portions, and the sagittal plane divides the body into the lateral left-right portions.
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in each plane because the hair cells are distributed with differential orientation. That is, when the head is upright, the utricular otoliths respond to linear
accelerations in various directions of the horizontal plane, and the saccular
otoliths respond to linear accelerations in various directions of the vertical
plane (Lackner & DiZio, 2005).
The vestibulo-ocular reflex (VOR) denotes the reflexive eye movements
caused by motion of the head and contributes to stabilizing the retinal image
during motion (Gillingham & Previc, 1993). When the eyes reach a new
target position and a head movement toward the target follows, the VOR
drives the eyes in the opposite direction to the head movement in order to
stabilize the retinal image of the target. This reflex is mediated by a threeneuron arc from the vestibular nuclei to the oculomotor nuclei, and is one of
the fastest human reflexes with an eye movement lag of around 10 ms. Passive rotational motion in the dark stimulates the semicircular canals and elicits the VOR. It produces sequences of eye movements that show a slow
phase in the opposite direction to the motion of the head interrupted by a fast
phase in the same motion direction as the head (Lackner & DiZio, 2005).
These characteristic involuntary eye movements of alternating smooth pursuit in one direction and saccadic movement in opposite direction have been
termed nystagmus. Not only head motion can elicit nystagmus, however, but
also visual motion.9 Yet another related term is therefore the optokinetic
reflex in response to visual scene motion. For example, although the nystagmus will be greatly diminished or disappear when the semicircular canals
have adapted to the passive rotation of constant velocity in the dark, signaling little or no vestibular activity for the VOR, the view of the moving visual
scene will continue to drive nystagmus by the optokinetic reflex (Lackner &
DiZio, 2005).
Vestibulo-spinal reflexes modulate postural tone and anti-gravity reflexes
via vestibular input to the CNS. These reflexes help us keep upright via tonic
activation of muscles such as the extensors of the knees and the hips, and the
vestibulo-spinal reflexes interact synergistically with other reflexes of the
body such as those linked to the neck and the limbs (Gillingham & Previc,
1993; Lackner & Dizio, 2005). The vestibulo-spinal motor system is part of
the neuromotor system stimulated by vestibular inputs and involved in the
unconscious and preconscious control of arms and legs (e.g. Previc & Ercoline, 2004a). For example, the quick arm movement as reflex to protect
oneself in a sudden fall involves the vestibulo-spinal reflexes and motor
system (Gillingham & Previc, 1993).
Although loss of vestibular function normally is compensated by the other
orientation systems through adaptive processes in the CNS, it is nevertheless
difficult to maintain balance on uneven terrain and in darkness or low light

9

Nystagmus also can appear in blind people or because of a dysfunctional vestibular system.
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levels10 (Lackner & Dizio, 2005). All the same, even a fully functional vestibular system is practically completely unreliable when we are deprived of
visual references in the unfamiliar flight environment. Although the proprioceptors and tactile sensors provide important information of forces acting
upon aircraft and control stick, the somatosensory system gives us overall
meager compensatory support. For example, the sensory inputs from the
receptors of the otoliths and the pressure receptors of the skin generally
agree even when they generate ‘erroneous’ sensations11 (Cheung, 2004a).
Thus, one can definitely ‘lose touch with reality’ and a general rule of flight
is that one should not fly by the ‘seat-of-the-pants.’ This is extremely important to recognize in low visibility. The below cited chain of events served as
an illustrative analogue to the results of an experiment in which twenty students in ground trainers, that is, flight simulators with moving platforms,
flew into simulated low visibility demanding flying by only aircraft instruments.
You Now have 178 Seconds to Live! Your aircraft feels on an even keel, but
your compass turns slowly. You push a little rudder and add a little pressure
on the controls to their original position. This feels better, but your compass
is now turning a little faster and your airspeed is increasing slightly. You Now
have 100 Seconds to Live! You glance at the altimeter and are shocked to see
it unwinding. You are already down to 1200 feet. Instinctively you pull back
on the controls, but the altimeter still unwinds. The engine RPM is into the
red and the airspeed nearly so. You Now have 45 Seconds to Live! Now you
are sweating and shaking. There must be something wrong with the controls
– pulling back only moves the airspeed further into the red. You can hear the
wind tearing at the aircraft. You Now have 10 Seconds to Live! Suddenly you
see the ground. The trees rush up at you. You can see the horizon if you turn
your head far enough, but it is at an unusual angle – you are almost inverted.
You open your mouth to scream but … You Now have No Seconds Left!! You
have just become a victim of spatial disorientation.
Kleimenhagen, Keones, Szajkovics, & Patz, 2006, p. 11.

All twenty students went into states of totally lost control of the aircraft
within 20 to 480 seconds, with the average time being the 178 seconds. It
therefore was not a question of whether SD would manifest itself for each
individual, but how long it would take. The root cause concerns the fact that
most of the SD problems primarily relate to the vestibular system, and the SD
illusions the functioning of this system causes during flight are potent ‘killers.’

10

Motion sickness immunity also comes with losing vestibular function (e.g. Bos, Bles, &
Groen, 2008).
11
‘Erroneous’ in the sense that sensory inputs do not give rise to sensations and perceptions
that correspond to the actual orientation in ‘a sufficiently’ veridical manner.
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The false sensation of rotation and not sensing a rotation are parts of the
somatogyral illusion, also called the graveyard spin or spiral (Benson,
1978b; Gillingham & Previc, 1993; Roscoe, 2004). The illusion arises because of the inability of the semicircular canals to respond to a prolonged
rotation of constant velocity. The angular acceleration in a rotation is at first
perceived correctly with the cupula responding as a sensor of rate of rotation.
The normal condition of self-movement is that this is quickly followed by an
angular deceleration. If instead there is a constant angular velocity, the sensation of rotation diminishes and finally disappears. With no angular acceleration, the cupula attains its resting position in the now still endolymph and
thus signals no rotation (Gillingham & Previc, 1993). In terms of piloting an
airborne aircraft, when the pilot enters a spin, for example to the left, it is at
first perceived correctly because of the associated angular acceleration. On
one hand, when the spin continues with constant velocity the perception of
the spin diminishes. On the other hand, stopping the spin will cause an angular deceleration that the pilot erroneously perceives as a spin to the right. The
pilot may correct for the compelling illusion of a right spin by reentering the
left spin (Gillingham & Previc, 1993). It could continue all the way to
ground impact in this way if the pilot does not read the flight instruments
and makes corrective action upon their information. Unfortunately, reading
the flight instruments can become difficult because of elicited VORs such as
nystagmus (cf. Gillingham & Previc, 1993). If still being able to read the
instruments, the experiences of illusory rotations are compellingly strong in
degraded visual conditions and may cause the pilot to distrust and ignore the
flight instruments. An aviator without flight instrument information in such
conditions is likely a lost aviator. Interestingly somewhat similar to this
situation, pigeons refuse to fly when blindfolded and released at altitude as
demonstrated by Col. Ocker and Lt. Crane in the 1920s (Previc & Ercoline,
2004b). Unlike humans, however, if these natural flyers do not panic they
will spread their wings for a ‘passive’ but safe gliding to the earth (Small et
al., 2004). Nevertheless, “of the creatures that fly, only bats can successfully
fly and navigate without visual input” (Previc, 2004b, p. 283).
Also occurring because of the angular motion stimulation of the semicircular canals, the oculogyral illusion is the false experience of motion of a
viewed object (Gillingham & Previc, 1993). When a subject is fixating a
visual target fixed relative to his or her head-position during rotation with
constant acceleration in a darkened room, the target will be seen as “moving
with the body’s changing apparent position in space but leading the body as
well in the direction of acceleration” (Lackner & DiZio, 2005, p. 122). Another aspect of this is when a vehicle with vertical axis rotation of constant
velocity stops rotating. A person sitting inside the vehicle will not only experience rotation in the opposite direction (somatogyral illusion) but will
also experience the motion of an object in this opposite direction (oculogyral
illusion). The object-motion illusion is thus a confirming of the somatogyral
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illusion because “the pilot who falsely perceives a turning in a particular
direction also observes the instrument panel to move in the same direction”
(Gillingham & Previc, 1993, p. 65).
Other illusion examples related to the function of the semicircular canals
are the leans and the coriolis and Gillingham illusions (see e.g. Benson,
1978b, Cheung, 2004b, and Gillingham & Previc, 1993, for descriptions).
The somatogravic and oculogravic illusions relate to the function of the
otoliths. The otoliths register linear accelerations and cannot discriminate
between an inertial linear acceleration and a head tilt (e.g. Benson, 1978a).
This is so because the head tilt actually is a displacement of the head relative
to the gravitational acceleration of 1g or 9.8 m/s2, causing displacement of
otoconia. Figure 3 illustrates the equivalence of otoconia displacement when
tilting the head and being subject to a forward acceleration. The right amount
of inertial acceleration thus causes otoconia displacement very similar or
identical to that caused by a head tilt. For example, a 30° head tilt backwards
is in principle equal to a linear acceleration forward of 0.57G in the ventrodorsal direction (+Gx) in terms of otoconia displacement. If these two situations happen in darkness, or critically degraded visual conditions, the perceived amount of altered head orientation is therefore about the same.
Furthermore, in the flight situation the pressure receptors of the skin, the
tactile sensors, are in agreement with this otolith-dependent tilt because the
pilot is pressed back into the seat as an effect of the acceleration. It reinforces the experience that the whole body is tilted. See Figure 4 for a schematic description of the perception of aircraft attitude as related to the somatogravic illusion (SGI) of pitch-up. It shows that the SGI of pitch up is the
false sensation of body tilt resulting from falsely perceiving the vertical direction as largely determined by the resultant GIF vector of inertial linear
acceleration and gravity (Cheung, 2004a, b). Whereas pilots are highly visually dependent even in sensory conflict conditions, they may depend primarily on vestibular mechanisms when the visual scene is critically degraded
(e.g. Lessard, Stevens, Maidment, & Oakley, 2000b). The SGI has proven to
be deceptively forceful and dangerous, and even experienced pilots are prone
to experiencing it. In the absence of crucial visual information, pilots’ misperceptions of GIFs as the true vertical give rise to several SD illusions, and
it can be considered that “both novice and experienced pilots are equally
susceptible to these illusions” (Cheung, 2004b, p. 251).
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Head tilt
up/backwards

Forward
acceleration

Figure 3. The otoliths of the vestibular system cannot discriminate head tilt from linear acceleration because both situations result in otoconia displacement. The straight and bent
black lines in the center of the head represent sense hairs of the otoliths and the black circular line-ends represent the otoconia.

Perceived pitch attitude of aircraft

Pitch attitude of aircraft

I
I
g
g
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R
Figure 4. An illustration of the somatogravic illusion (SGI) that shows the resultant gravitoinertial vector (R) of inertial force of acceleration (I) and gravity (g) determines the perceived attitude of the aircraft. The resultant force vector is perceived as the gravitational
vertical and an illusory pitch-up is experienced.
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As one of several illusions termed ‘somatogravic’12 the illusion of pitch as
described above can for example occur during a pulsed high acceleration at
take-off from runways or aircraft carriers during night or otherwise poor
visibility (Cheung, 2004b). It also can occur during level flight with a more
gradually, or linearly, increasing linear acceleration (Previc, Varner, & Gillingham, 1992). The pilot’s non-veridical perception of aircraft pitch-up in
these situations can lead him or her to correct for it by pitching down the real
aircraft attitude (into a critically dangerous one). A crash can then quickly
become inevitable. Normally, this SGI is easily broken when the pilot views
the real world of ground and horizon through the cockpit window, but it has
been difficult to break or even reduce in simulator experiments that use presentations of synthetic visual scenes (e.g. Previc, 2004a). Analogous to the
relationship of oculogyral – somatogyral illusions, the oculogravic illusion
can be defined as the instance when the SGI dominates the orientation of
symbology on visual displays.13 For example, an earth-referenced horizon
line would be perceived as tilted or pitched in the direction and magnitude of
the SGI (Lackner & DiZio, 2005; Previc et al., 1992).
Other examples of illusions related to the function of the otoliths are the
inversion, elevator, and G-excess illusions (see e.g. Benson, 1978b, Cheung,
2004b, and Gillingham & Previc, 1993, for descriptions).

Visual mechanisms and illusions
Vision is the sense that provides information about the entire spatial layout,
both the near and far environment, and does this with a high spatial resolution in the central region (e.g. Blake & Sekuler, 2006; Zeki, 1993). The visual system generally is considered most important of the orientation systems,
and is normally dominant given that a (rich) visual scene is provided. Vision
also does not habituate to motions of constant velocity in the same rapid
manner as the vestibular system does (Previc, 2004a). Furthermore, there is
convincing evidence that vision can be divided into two main modules or
systems. One directly connects with motor control in a way that can be characterized as occurring at early preconscious and unconscious levels (e.g.
Milner & Goodale, 1993, 2006; von Hofsten, 1993, 1997), and the other is
more involved in evaluating what is going on around the subject.
The view of vision as involving two major systems started with the concept of an ambient visual system as contrasted to a focal one (Dichgans &
Brandt, 1978; Schneider, 1969; Trevarthen, 1968). It was contrasting the
phylogenetically older pathway from the retina to the superior colliculus
12
Both linear and centripetal accelerations lead to changes in the magnitude and direction of
the GIF vector (e.g. Riccio, 1995), and they can both give rise to somatogravic illusions (e.g.
Lackner & DiZio, 2005).
13
‘Symbology’ refers to the symbolic information on the display interface, for example a
presented horizon line on the visual display.
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with the newer pathway to the geniculostriate system (Milner & Goodale,
2006). For example, Trevarthen (1968) suggested that the older pathway
mediates ambient vision for the functions of locomotion and posture and the
other mediates focal vision for finer manipulations. Later, Ungerleider and
Mishkin (1982) identified the ventral and dorsal streams of visual processing. One stream progresses ventrally to the inferotemporal cortex and the
other progresses dorsally to the posterior parietal cortex. The contention was
that the ventral stream processes the “what” in terms of object qualities and
the dorsal stream processes the “where” in terms of spatial location, with the
main evidence coming from the behavior of monkeys with lesions of inferotemporal or posterior parietal cortex (Milner & Goodale, 2006; Ungerleider
& Mishkin, 1982). Although the monkeys with the damaged inferotemporal
cortex showed significant impairment in recognition of visual patterns, the
monkeys with a damaged posterior parietal cortex did not. The monkeys
with the parietal lesions, however, showed a greater impairment in using the
spatial relations of objects. It was thus concluded that the different lesions
impaired different neural circuits, and that the dorsal stream was used in
perception of spatial relations between objects and the ventral for perceiving
the specific objects (Milner & Goodale, 2006; Ungerleider & Mishkin,
1982).
Leibowitz and Post (1982) and Leibowitz (1988) defined the focal mode
as answering the question of “what” in being specialized for object recognition and identification, involving detail or high spatial frequencies, and used
in central vision with a high degree of consciousness (attention). The ambient mode was defined as answering the question of “where” in its specialization for spatial localization and orientation, involving large stimulus patterns
stimulating the visual periphery, coarse detail or low spatial frequencies, and
primarily sub-cortical structures with little or no consciousness (Leibowitz,
1988; Leibowitz & Post, 1982). In this way, the ambient system involves the
primarily unconscious processing of the visual field as connected to the control of our orientation in earth-fixed space, and contrasts to the focal system’s specialization in object and pattern recognition (Previc, 2004a). There
is some overlap between the two modes because ambient vision seems to
function well even in central vision, given the right input, whereas focal
vision degrades far more with peripheral eccentricity than the ambient (Horrey, Wickens, & Consalus, 2006; Blake & Sekuler, 2006).14 In other words,
although ambient vision, or predominately peripheral vision, provides information about ego-motion relative to the environment it does not exclude
the importance of central vision for our SO (Johansson, von Hofsten, &
Jansson, 1980). However, acute vision drops off drastically with increasing
14
Although focal vision ‘samples the visual world’ by use of eye movements toward the
targeted location or object, it nevertheless deteriorates far more than ambient vision in its
capabilities with increasing retinal eccentricity (from the fovea).

25

eccentricity from the fovea. In accordance with this, the cortical magnification means that the most central part of the retina – the fovea – occupies a
large portion of the cortex, whereas with increasing eccentricity the correspondingly devoted cortex portion decreases (Blake & Sekuler, 2006). Although the spatial resolution (acuity) drops off drastically with a small distance from the fovea, the ability to process motion decreases far less into the
peripheral retina (e.g. Johansson & Börjesson, 1989). Thus, we are more
adept at processing motion in the peripheral visual field than exactly inspecting objects or object features.
Because they provide depth information at short range, accomodation and
the binocular cues of stereopsis and convergence generally are considered of
limited value for SO in flight (Benson, 1978c). The suppression of them,
however, may be important for the impact on SO (e.g. Eriksson, Johansson,
& von Hofsten, 2003; Johansson, 1977; Previc, 1998). Interestingly, Previc’s
(1998, 2004a) elaborate theory of vision involves four behavioral realms in
three-dimensional space.15 In short, he distinguishes between (1) the peripersonal space close for reaching, (2) the focal-extrapersonal space linked to
central vision and object recognition, (3) the action-extrapersonal space
linked to orientation and navigation to nearby objects (centered around 30 m
in depth), and (4) the ambient-extrapersonal space linked to the most distant
environment. Although the two latter systems both involve the entire visual
field and require peripheral vision, Previc considers the ambientextrapersonal space as providing the input for our SO in earth-fixed space
(Previc, 2004a). Monocular cues are generally effective over a greater range
of distance, and some of the most important are motion parallax, perspective,
relative size, occlusion, aerial perspective16, texture gradients, and flow
fields (Benson, 1978c; Previc, 2004a; Small et al., 2004; Wickens & Hollands, 2000).
An aviator’s optokinetic cervical reflex (OKCR) is considered related to
vestibulo-spinal reflexes, although it seems not fully established as a ‘pure’
reflex. The OKCR involves the pilot’s lateral head tilt in the opposite direction to the bank, toward the visible horizon, and only the distant true horizon
seems to trigger it and not the flight instruments (Ercoline et al., 2004). Figure 5 illustrates the main principles of the OKCR. This so-called reflex
manifests itself in the pilot primarily because “ambient visual scenes affect
the position of the body via inputs to the vestibulospinal system and influence head position” (Previc, 2004a, p. 99). The horizon-attracted head tilt
may thus be mainly connected to visual mechanism processing, and it may
be considered part of the pilot’s normal establishing of correct SO in flight
15
Similarly, Cutting and Vishton (1995) distinguish between three zones of space that are the
personal, action, and vista zones.
16
Aerial perspective refers to the situation wherein distant visual information tend to be increased in brightness, reduced in contrast, and more bluish, as caused by atmospheric scattering (Previc, 2004a).
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conditions of good visibility. Accordingly, it has been suggested that a display-triggered OKCR in low visibility would improve, or be a precursor of
improved, spatial awareness and SO (e.g. Patterson, Cacioppo, Gallimore,
Hinman, & Nalepka, 1997).
Horizon not visible

Horizon visible

Real horizon

Body axis

Body
and
head axis

Head axis

Figure 5. To the right, the optokinetic cervical reflex (OKCR) observed in pilots during a
bank that involves the alignment of the head with the orientation of the visible true horizon.
To the left, the same flight situation but with no visible horizon that do not elicit the OKCR.

Gibson’s optical invariants refer to the higher-order variables in the optic
array that inform about properties of the environment (Gibson, 1979). The
meaning of ‘invariant’ may be understood as the properties in the optic array
that invariantly (i.e. under all circumstances) specify characteristics of the
layout of the environment and our position and movement relative to it.
Some of these invariants are texture gradients or compression, and geometrical properties of optic flow such as splay, time-to-contact, and edge rate
(Flach & Warren, 1995b; Flach, Warren, Garness, Kelly, & Stanard, 1997;
Gibson, 1979; Lee, 1980; Schiff & Arnone, 1995). Optic flow is the changing spatiotemporal structure of light when we move that consists of relative
velocities of points in our visual field as results of the differing distances to
points and their positions. The focus of expansion (FOE) in the optic flow
field indicates our movement heading and is where the flow is zero and from
where there is a radial outflow. Thus, an FOE below the horizon indicates to
a pilot a movement heading towards the ground (and a coming eventual
ground impact). Time-to-contact is the time to colliding with an approaching
object or that one is approaching; given heading and speed are constant it is
the inverse of the rate of change of expansion of the object or the local optic
flow that specifies time-to-contact. Compression refers to the information of
the gradient in the separation of surface texture, for example as an increasingly compressed texture towards the horizon. This gradient is scaled to
viewing angle or a change in altitude from where it is viewed. The splay
component is defined by the angle of ground texture receding toward the
horizon with a specific angle to their meeting point. The splay angle is af27

fected by altitude in that it decreases with the observer’s increased altitude
above the ground. Edge rate denotes the speed of edges or feature interruptions. For example, edge rate decreases when transitioning from flying over
a terrain of densely located bushes to a terrain with sparsely located bushes.
Although involving vision, the oculogyral and oculogravic illusions were
mentioned previously with the non-visual mechanisms because they strongly
relate to the functioning of the vestibular system. The black hole approach,
however, is an illusion strongly related to vision that for example involves an
approach to a runway during a dark night with only the runway lights visible
(Benson, 1978c; Gibb, 2007; Gillingham & Previc, 1993). Because of missing ambient or peripheral visual cues, which would otherwise inform about
aircraft movement and orientation, the pilot may erroneously perceive the
aircraft as oriented correctly in a stable manner while the runway moves
about or is sloped in a non-veridical way. This often results in a landing not
on the runway that may well be critically dangerous (see Gibb, 2007, Gillingham & Previc, 1993, and Previc, 2004b, for elaborations on this kind of
illusion and consequences).
Autokinesis refers to the pilot seeing a small light or small group of lights
such as reflected cockpit light on the windscreen or ground lights in the dark
environment that falsely appear to move (Benson, 1978c; Previc, 2004b). In
fact, this illusory motion can lead to that “after 6 to 12 seconds of visually
fixating the light, one can observe it to move at up to 20°/sec in a particular
direction or in several directions in succession” (Gillingham & Previc,
1993, p. 52). Although pilots mostly can recover from autokinesis, it can
become very dangerous. The lights can be mistaken as coming from other
aircraft, such as a lead aircraft and with the pilot pursuing ground lights this
SD experience can become dramatic if not fatal (cf. Previc, 2004b). One
possible explanation for autokinesis is that the eye movements are interpreted as movements of the lights because there is not sufficient visual information from the surroundings to inform that the eyes move (Benson,
1978c; Gillingham & Previc, 1993).
The primary sources for the experiencing of a false horizon are ground
lights during night that cause an erroneously perceived horizon orientation in
bank or pitch (Previc, 2004b). For example, a false horizon in pitch can be
perceived when approaching a lit up shoreline at night and mistaking it for
the true horizon; the lowering of the false horizon in the visual field caused
by the approach will likely be perceived as an aircraft pitch-up (Previc et al.,
1992). It is the visual counterpart to the SGI of pitch-up. As such, it is especially dangerous when combined with an occurred SGI at take-off or approach to a shoreline because it visually reinforces or confirms the GIF dependent pitch-up (Previc, 2004b; Previc et al., 1992). False horizon illusions
also come about in visually degraded conditions because of seeing, for example, the lights of an illuminated road. Furthermore, sloping cloud decks
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and terrain features can cause erroneously perceived surface planes resembling the disorienting false horizon illusions (Previc, 2004b).
The rate or speed of optic flow is dependent on height above ground. This
means that a constant aircraft speed combined with a decrease in altitude
increases the optic flow rate. Conversely, an increase in altitude decreases
flow rate. Thus, the flow is ambiguous in that we cannot tell whether we are
flying low and slow or high and fast (e.g. Flach, et al., 1997; Previc, 2004b).
In fact, losing altitude and speed simultaneously can be misperceived as
having constant speed because the optic flow speed does not change or
changes non-significantly for our perception of it. Losing altitude and speed
without noticing it, or disregarding it in considering it non-critical, may become serious in that it may cause the aircraft to stall and it may well be too
late to correct for ground impact.
Several visual illusions and absent or distorted visual information contributing to pilot SD or degraded flying performance are not mentioned here
(see Previc, 2004b, for an extensive account). However, the following advice
to minimize the likelihood of visual illusions during low-level flight in daylight emphasizes the complexity of safe flight even in daytime.
… pilots should be made aware through preflight planning of the terrain topography, vegetation height, and sun angle. During the sortie, pilots should 1)
be alert for impending terrain changes, 2) increase their terrain-clearance altitude as their workload increases, 3) make proper use of their altitude warning
and terrain-avoidance systems, and 4) never lose sight of the horizon for
more than a brief instant while turning at low level and then only to quickly
cross check their instruments. … Indeed, any turning and looking away from
the horizon should always be accompanied by a slight climb of the aircraft.
Previc, 2004b, p. 296.

Although it has been reported that SD mishaps are as frequently occurring
in daylight as at night, and visual illusions certainly occur during the day,
when factoring in the amount of flight hours in each condition the SD mishaps at night are many times higher in number (e.g. Previc, 2004b).17 It is
also in low visibility that the SD states are more frequently fatal. Moreover,
in a way, the daylight occurrences of SD mishaps may perhaps further emphasize the inadequacy of instruments and displays intended to support the
aviator.

17

For example, Previc (2004b) gives the example of helicopter descent to landing as having
50 times greater occurrence of SD incidents at night.
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Psychological factors
Some important psychological factors interact with the physiological and
perceptual processes of SD. When realizing that veridical percepts of the
aircraft’s motion and orientation are no longer the case, the pilot may be
psychologically stressed. This may lead the pilot to pay more attention to the
conspicuously available but erroneous source of information. It will normally strengthen the SD experience and cognitive and motor skills can degrade or disintegrate (Gillingham & Previc, 1993). In this, attention narrows
down to one objective and target when the pilot is only focusing on the recovery from the disorientation and often concentrates only on one of the
flight instruments. The skill of instrument flying also may significantly decay, or even completely vanish, and primitive behavior or reflexive action
can become prevalent (Gillingham & Previc, 1993; Malcolm, 1984). Further,
Gawron (2004) goes through an extensive list of factors and conditions that
feed into the problem of pilot SD, such as those related to personality and
mental and physical state. For example, the mental state of psychological
stress can have considerable impact on maneuvering and navigation performance (as mentioned above), fatigue can make it more likely that SD
manifests itself, and overconfident behavior in certain conditions can be an
almost sure invitation to SD illusions and possible fatal disaster. Because of
their impact on SD, it can be considered that the psychological factors must
be either designed or trained away if SD accidents are to be reduced (Gawron, 2004).
More important, however, is that the vast majority of all SD illusions are a
result of missing or inadequate cues, and all of the illusions involve a loss of
situation awareness (e.g. Gawron, 2004). The primary aim should therefore
be to design away the SD illusions and to improve situation awareness. In
other words, with the psychological factors of SD being more or less indirect
factors, the primary aim should be to support the pilot by providing information that suppresses SD illusions and reinforces the elicitation of correct inflight maneuvering.

SD countermeasures
Important SD countermeasures are the programs for education and training
pilots receive to learn about and get familiar with the SD phenomena. They
get awareness of these phenomena by learning about the mechanisms and
illusions as well as experiencing them in special ground-based devices and
simulators, and by in-flight demonstrations (e.g. Braithwaite, Ercoline, &
Brown, 2004; Groen, de Graaf, Bles, Bos, & Kooi, 2003). Still, highly
trained and experienced pilots succumb to SD. It has repeatedly been stated
that experience offers no protection against SD, and the average pilot involved in SD accidents has been an active pilot for about 10 years with more
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than 1000 hours of flight experience (e.g. Gawron, 2004). Consequently,
whereas education is important it is not sufficient to overcome sensory conflicts causing SD illusions. This is so because an objective knowledge of
illusions commonly does not de-bias the perception of them (e.g. Gibb,
2007). Training and experience may take phenomena awareness considerably further, however still not sufficient to fully overcome illusions. Yet,
training and experience do help pilots to recognize the conditions when SD
occurs, learned SD recovery techniques can be effective, and attention management may do the trick of reducing SD accidents (Small et al., 2004). Although certainly positive and important, these interventions have small or no
effects on the unreliable functioning of the perceptual systems in the flight
environment. Because the primary causes of SD are only indirectly attacked
by mainly deliberately performed methods and techniques, the link to directly triggered control action seems to be at best vague in these kinds of
interventions.
Consequently, the pilots are continuously instructed to trust the various
aircraft instruments and displays. To fly by the instruments is a golden rule,
especially in degraded visual conditions. Because of the powerful nature of
SD “the major task of teaching a pilot to fly, in conditions where he cannot
see outside, is to instill in him that he must ignore his senses and stick to
what the instruments tell him” (Malcolm, 1984, p. 234). Benson’s (1978b)
straightforward practical advice to aircrew is still vital:
(1) Remain convinced that you cannot fly by the ‘seat of the pants’. (2) Do
not allow control of the aircraft to be based at any time on ‘seat of the pants’
sensations even when you are temporarily deprived of visual cues. (3) Do not
unnecessarily mix flying by instruments with flying by external visual cues.
… (7) Be particularly vigilant in high risk situations, such as at night and in
poor visibility, in order to maintain intellectual command [italics added] of
the orientation and position of the aircraft. … (10) Remember: experience
does not make you immune.
Benson, 1978b, p. 466.

The flight instruments can be categorized into the three functional groups
of control, performance, and navigation (Ercoline et al., 2004; Gillingham,
1992). The parameters of the fundamental flight instruments connected to
these functional groups are given in Table 1, and the axes of motion are illustrated in Figure 6 as referenced to an aircraft. The control group includes
pitch and bank (attitude) and thrust (engine power); the performance group
includes airspeed, altitude, vertical velocity, heading, turn rate, slip/skid rate,
angle of attack18, acceleration, and flight path (velocity vector); the naviga18
Angle of attack refers to the difference between the aircraft’s pitch angle and direction of
velocity vector (i.e. flight path). Thus, a pitched-up aircraft during its descent have a high
angle of attack (Previc & Ercoline, 2004a).
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tion group includes course, bearing, range, latitude/longitude, groundspeed,
time, and other parameters related to earth surface location (Gillingham,
1992). Gillingham (1992) used this categorization of flight instrument parameters for the operational SD definition: “it is an erroneous sense of the
magnitude or direction of any of the aircraft control and performance flight
parameters” (p. 298). In this way, it acknowledges that an orientation percept can be both ‘natural’ and ‘synthetic.’
Table 1. The parameters of angular and linear flight motion and associated instruments.
Adapted from Ercoline et al. (2004).
Angular

Linear
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Acceleration
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Velocity

Acceleration
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a
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e
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with degrees of heading in the x-y-plane. Adapted and modified from Gillingham (1992).
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The natural percept refers to that it is based on ambient visual, vestibular, or
similar sensations contributing to our orientation in our natural environment.
The synthetic refers to that “it is intellectually constructed from focal visual,
verbal, or other symbolic data, such as that presented by flight instruments”
(Gillingham, 1992, p. 297). Whereas the navigation group is excluded in Gillingham’s extended SD definition, because it characterizes geographical orientation and not SO, it might still be considered too comprehensive. However, it
is argued that the control and performance parameters convey information
critical for assessing the dynamic state of the aircraft (Ercoline et al., 2004;
Gillingham, 1992), relevant for aircraft SO, although the absolute minimum
information the pilot needs is attitude, airspeed, and altitude (Ercoline et al.,
2004). From this it is at least obvious that although the flight environment
constrains the type of information needed, considerable information is required to ensure effective maintaining of SO and safe flight.
The use of head-up displays (HUDs) may entail some potentially negative
effects, but overall they definitely represent a positive aid for the pilot’s SO
and flying performance (e.g. Crawford & Neal, 2006; Newman, 1995; Newman & Haworth, 2004; Wickens & Long, 1995). Used by air forces and many
commercial airlines, HUDs are considered important for presenting primary
flight information as superimposed on the outside world. For example, the
HUD symbology of the Gripen fighter aircraft presents information such as
altitude, speed, flight path/velocity vector, G-load (acceleration), angle of
attack, and heading, as illustrated in Figure 7. Whereas the main outline of the
symbology is shown, there are additional concepts in use, for example, a
ground-proximity warning consisting of arrows pointing up perpendicular to
the ground plane when impact is imminent. In addition, although not necessarily implemented, developments of the Gripen HUD symbology were quite
early on proposed and tested in flight simulators, like various forms of synthetic terrain presentation and pathway- and tunnel-in-the-sky concepts
(Andersson & Romare, 1999; Stensson, 1998; Tordenlid, 1998).
The basis for the Gripen HUD symbology is that the aircraft is permanently positioned in a sphere consisting of latitude circles placed at each 10°
pitch deviation from the horizontal great circle of the sphere. With the vertical axis of the sphere fixed to the gravitational vertical, the HUD field-ofregard scans the sphere-inside in accord with flight path and aircraft attitude.
This is illustrated in Figure 8.
The HUD symbology depicts segments of latitude circles that increase in
curvature with increasing deviation from the straight line representing the
horizon or horizontal. See Figure 9. The full zenith circle is shown when
flying straight up and the nadir circle when flying straight down. Together
with the meridian markings on the circle segments, pitch, roll, and yaw are
integrated in this way. The meridian markings could be called ‘yaw markings’ because they contribute to indicating yaw position or, more important,
change in yaw position. The yaw markings are different on ‘dive-circles’
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indicated beneath the horizontal compared to on ‘climb-circles’ indicated
above the horizontal to make them easily distinguishable (Figures 7 and 8).
”Yaw mark”

”Pitch-line” 10°
Heading

Angle of attack

Flight path marker
Velocity vector

G-load
Horizon-line

Altitude
Speed

”Pitch-line” -10°

”Yaw mark”

Figure 7. An illustration of the Gripen HUD symbology as superimposed on the visible environment.

Figure 8. The Gripen aircraft as positioned in the virtual sphere of latitude circles of the
HUD symbology. The vertical axis of the sphere is fixed to the gravitational vertical and the
HUD field-of-regard scans the sphere-inside in accord with flight path and aircraft attitude.
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Figure 9. The Gripen HUD symbology portrayed at the left in a flight path (velocity vector) at
60°, and at the right a flight path straight up (velocity vector at 90°).

Operational for several years in the Gripen aircraft the overall intuitive
design and the consistent dynamics of integrated pitch, roll, and yaw have
been well received and appreciated by the pilots. One aspect of the consistent dynamics is revealed in transitioning from flying in upright orientation
to inverted flying, as for example when performing a loop (or a roll over
90°). In comparison to the more traditional symbology of a pitch-ladder design that will turn over the up-down orientation of the more or less horizonparallel line-segments, the sphere interface shows an advantageous stability.
That is, the basis of pitch-ladder design is a series of horizon-parallel lines
below and above the horizon that are separated in vertical intervals reflecting
the amount of aircraft pitch-up (Previc & Ercoline, 2004a). In the transition
from upright to inverted flying the lines representing the “down” below and
the “up” above the horizontal, respectively, have to shift positions to represent the true up-down orientation. The pitch-ladder will therefore make a
180° roll of the symbology in establishing the right up-down orientation,
thus creating an illusion of a 180° roll as effect of this turn-over (e.g. Newman, 1995). With the virtual sphere fixed to the gravitational vertical, the
transition in a loop from flying upright to inverted with the Gripen symbology only means the HUD field-of-regard transitions smoothly and stable to
scanning the opposite side of the sphere. There is no abrupt turn over of the
orientation information, and the clearly differentiated yaw markings on
‘dive-circles’ and ‘climb-circles’ clearly indicate what is down and what is
up, respectively (Figures 7 and 8).
There are many topics to consider concerning the flight instruments or
head-down displays (HDDs) and HUDs as related to the pilot’s SO and flying performance (e.g. Crawford & Neal, 2006; Ercoline et al., 2004; Newman & Haworth, 2004; Wickens & Long, 1995). One important topic relates
to two types of pilot errors in the use of the attitude indicator incorporating
an artificial horizon. These errors are those caused by illusions and those of
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control-reversals (Johnson & Roscoe, 1972; Previc & Ercoline, 1999). The
illusion errors are caused by erroneously perceived attitude when there is a
conflict between the ‘natural’ percept and the ‘synthetic’ perception of the
instrument indications. The control- or roll-reversal errors are described as
the pilot’s misinterpretation of an instrument indication followed by an incorrect control input that changes the bank angle of the aircraft in the direction opposite to that required to level the aircraft (Previc & Ercoline, 2004a).
Roll-reversal errors thus refer to the control actions that worsen rather than
correct an undesirable flight condition, typically occurring because of a misinterpretation of an instrument indication (Johnson & Roscoe, 1972). There
also seems to be potential overlap in these two types of errors. For example,
Cheung (2004b) describes the graveyard spiral illusion as potentially aggravated by the control-reversal error and that it may lead to a tightened turn
resulting in a near-vertical spiral dive. Studies have shown that the occurrence of roll-reversal errors during unusual-attitude recoveries is mainly
around .05 to .10 (Previc & Ercoline, 1999). Although this seems a rather
low proportion there is considerable amount of over-learning going into the
equation because the pilots have over-trained to maneuver by the attitude
indicator. The error proportion should in other words be much closer to zero,
and it should be considered in the light of its potentially costly and fatal consequences (Johnson & Roscoe, 1972; Previc & Ercoline, 1999). Rollreversal errors are considered having significantly contributed to many SD
accidents including commercial airline disasters and military aircraft crashes
(e.g. Cheung, 2004b; Previc & Ercoline, 1999; Roscoe, 2004).
The main principles or formats of inside-out or outside-in are employed
for presenting aircraft attitude. The roll-reversal errors mentioned above
occurred with an inside-out format in which the aircraft coordinates are used
as frame of reference and the horizon moves relative to a stationary aircraft
symbol. The outside-in format shows the horizon as frame of reference and
an aircraft symbol moves relative to a stationary horizon. Thus, these main
types of display formats in essence contrast a presented view of a moving
horizon from inside the aircraft cockpit (inside-out) to a view of the moving
aircraft from outside the aircraft (outside-in) (Johnson & Roscoe, 1972; Previc & Ercoline, 1999). There are advantages and disadvantages with both
these types, and which reference frame to use in attitude information for
pilots has been a controversial issue in the history of aviation psychology
(Previc & Ercoline, 1999). On one hand, whereas the inside-out approach is
conformal to the view of the outside environment from the cockpit it violates
the ‘principle of the moving part.’ That is, an aircraft roll to the right shows
as a movement of the horizon in the opposite direction that may oppose the
pilot’s mental model (Johnson & Roscoe, 1972; Previc & Ercoline, 1999;
Wickens & Hollands, 2000). As a result, control-reversal errors occur although pilots are extensively trained with this kind of attitude indicator. On
the other hand, whereas the outside-in format is in agreement with the prin36

ciple of the moving part, that is, the aircraft symbol moves in the right direction, it is not conformal to the view of the outside environment. It may thus
increase the likelihood of SD occurrences because of the conflict between
the different reference frames of the outside world and the outside-in attitude
format. Still, the evidence may be in favor of the outside-in approach (Previc
& Ercoline, 1999). Moreover, there have been several proposed and tested
hybrid and other solutions to this inside-out – outside-in controversy. Among
others, there are the seemingly successful frequency-separated display, arcsegmented attitude reference display, and mixing of presenting pitch insideout and bank outside-in in Russian-built aircraft (e.g. Johnson & Roscoe,
1972; Pongratz, Vaic, Reinecke, Ercoline, & Cohen, 1999; Previc & Ercoline, 1999; Self, Breun, Feldt, Perry, & Ercoline, 2003).
An interesting inside-out solution is the Wright configural attitude display. It employs the optical invariants splay angle and edge rate combined
with a rotating compass frame to integrate altitude, airspeed, and heading
information with pitch and roll information (e.g. Flach, 1999). Similarly, the
previously described Gripen HUD symbology can be characterized as insideout, and that can be comprehended as the result of being inside a very large
ADI-ball (attitude director indicator) and viewing it inside-out (Stensson,
1998). Both the Wright configural attitude display and the Gripen symbology seem to differ in important ways compared to many other inside-out
formats. One important difference is that they may be perceived as a peephole to an outside three-dimensional world against which the aircraft symbol
appears to move. They thus represent an improvement of the figure – ground
relationship over many other inside-out approaches, and may mainly not
violate the ‘principle of the moving part.’ An additional feature probably
contributing strongly to this is the flight-path indicator. For example, Roscoe
(2002) refers to the effect of using a flight path predictor (indicator) as magical, and that it is one important solution to control-reversal errors when
keeping inside-out display formats. Furthermore, the central part of the
Gripen symbology is not fixed in position on the HUD. The central part
framed by the ‘vertical indications’ of speed to the left and altimeter to the
right, as shown in Figure 7, moves with the flight-path indicating aircraft
symbol that in turn is capable of moving around on the HUD even more.
Yet, the Gripen symbology, or the Wright configural attitude display,
seems not to have the capability to trigger sensory reflexes like the OKCR.
The flight instruments and displays mainly do not engage the ambient visual
mode, and the part of the cockpit available to the peripheral visual field provides information about no change in SO. The OKCR may be taken as an
indication of how little they resonate with or trigger sensory reflexes of our
multisensory integrated mechanism for SO. Remember that the OKCR expresses itself as a lateral tilt of the head during aircraft bank in good visibility or visual meteorological conditions (VMC), whereas the head maintains
aligned with the vertical axis of the aircraft in poor visibility or instrument
37

meteorological conditions (IMC). Thus, the OKCR is related to shifts in
frames of reference, with the spatial frame of reference lying outside the
aircraft in VMC but situated inside the aircraft in IMC. Transitioning between the reference frames of the outside world and the aircraft framed instruments and displays may therefore lead to orientation conflicts causing
SD (e.g. Liggett, 2003; Patterson et al., 1997). Consequently, in this regard,
it may not be relevant to any great degree whether instruments and displays
are of inside-out, outside-in, or hybrid approaches if they employ only the
focal visual mode. In addition, SD illusions like the SGI seem to be as likely
to occur with any of the focal-mode solutions.
The employment of focal vision makes the conveyed information dependent on ‘synthetic’ percepts requiring directed attention to great degree and is
not appropriate for the direct perception of SO. Accordingly, it has now and
then been argued that one important shortcoming with cockpit instrumentation is precisely that it only employs focal vision (or central or foveal vision)
(e.g. Benson, 2003; Eriksson & von Hofsten, 2003a; Gillingham, 1992; Leibowitz, 1988; Malcolm, 1984; Wickens & Hollands, 2000). The main point
is that a visual aid is needed that better resonates with the multisensory integrated mechanism normally underlying SO to significantly reduce or counteract SD accidents. In other words, the pilot’s perceptual processing needs
to include the crucial factors of viewing ambient earth surroundings with
horizon that cause SD illusions to be overcome (Eriksson & von Hofsten,
2003a, b; Eriksson et al., 2003; Eriksson, Tribukait, von Hofsten, & Eiken,
2006a; Eriksson, Undén, & von Hofsten, 2005). The problem is to provide
visual information for SO that counteracts possible influences on the normal
SO functioning. That is, the visual information should prevent SD illusions
primarily caused by the intrusion of the vestibular and somatosensory systems in the SO establishing process.

Perception – Action Coupling
Flach and Golden (1998) deliver interesting thoughts on first principles for
the basis of an objective science of experience (in terms of presence or immersion). They contrast the ways of forming such first principles by Newton,
Einstein, Fechner, Helmholtz, Broadbent, Dewey, and Gibson. Different
dimensions are considered such as distal stimulus, changes in neural mechanisms by proximal stimulus, information theory account of statistical properties of events, and functional properties coupled with intentions and abilities.
In this, Gibson’s way takes precedence because, among other things, he was
more concerned about the biological constraints on action and how these
“shape and limit the functional couplings between animals and environments than upon the biological constraints on communication within a nervous system” (Flach & Golden, 1998, p. 93). This is a focus on coordination
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rather than information processing communication, and not a focus on the
definition of reality in terms of absolute object sizes or distances but on, for
example, distance relative to a mode of locomotion (Flach & Golden, 1998).
‘Invariants’ are not observer-independent properties of events but actordependent properties, putting the focus on the coupling between perception
and action where action has primacy (Flach & Golden, 1998). Furthermore,
Flach (1999) argues that no fixed linear sequence is appropriate for describing skilled performance in dynamic environments. Stimuli and responses are
not separate but intimately coupled in that they are intertwined in contributing to the constraining of the performance space. Action, exploration, calibration, and re-action, re-exploration, and recalibration, characterize some of
the adaptation going into the shaping of a tight coupling between organism
and environment. As Flach (1999) also points out, ‘meaning’ exists as a
property of the situation that it is there to be discovered, for example, “like
the stall boundary for an aircraft, meaning exists whether it is discovered or
not” (p. 199). This is in contrast to the information-processing paradigm that
asserts meaning to be an internal representation as product of information
processing. Within a meaning-approach then, the problem of designing interfaces for the human seems to be a problem of designing a medium that reflects the crucial meaning(s) of the dynamic system’s state space (Flach,
1999; see also Burns, Skraaning, Jamieson, Lau, Kwok, Welch et al., 2008).
Moreover, an important aim is that the medium is not only in resonance with
the meaningful factors or constraints of the system to be controlled but also
with the human factor and its constraints. Only then is effective and efficient
tight coupling between perception and action achieved.
The research in the fields of naturalistic and dynamic decision-making
represents a move from the study of choice dilemmas to a study of action in
naturally or dynamically framed environments (e.g. Brehmer, 1990; Jagacinski & Flach, 2003; Flach, 1999; Orasanu & Connolly, 1993). In this, realtime decision making is seen as a continuous flow or set of actions geared
towards goals. Previous actions and decisions have contributed to shaping
and constraining the actions and decisions to be made, that in turn will contribute to shaping and constraining the future space of potential actions and
decisions. The decision making field may therefore share some fundamentals
with the direct perception or perception – action perspective (e.g. Flach,
1999). In addition, a view of perception – action seems relevant to apply to
the field of machine-based intelligence. For example, Hancock (2007) questions the possibility of constructing fully functional artificial intelligence
because the efforts towards this goal have mainly been based on a fundamental misconception of the nature of time. That is, the nervous systems of
biological intelligence do not operate linearly according to “a single, central, mechanistically-fashioned clock” (Hancock, 2007, p. 7), but “rather as
an integrated multi-level system that deals respectively with continuity, with
momentary response, and with the planning of future actions” (p. 10). This
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description fares well with the perception – action approach and the account
of vision for action in that momentary actions or responses are seen as in
simultaneous concert with multiple loops of continuity and future action
planning (e.g. Milner & Goodale, 2008; von Hofsten, 2004).

Vision for action and multisensory integration
By their emphasis on an evolutionary account of the function of vision,
Milner and Goodale (2006) criticize the common view of human vision for
being too much about internal representation of the outside world, and that it
has almost ignored that the ultimate function of vision is to ensure an effective and adaptive output. They go on noting Gibson’s (1977) recognition of
the importance of vision in the control of action, and, indeed, that the reason
for why vision evolved was to control action. In the terminology of Milner
and Goodale (e.g. 2006, 2008) visual perception provides the basis for cognition by making it possible to construct memories and models of the environment, but does not include the processing necessary for executing actions
like walking, grasping, and other skilled motor-control movements (e.g.
control-stick control in aircraft maneuvering). They emphasize that input and
output can be linked by a visuomotor system, and skilled motor-control
movements dependent on vision require an intimate link between visual information and motor control (Milner & Goodale, 2006). In this view, some
of the functioning of the visual system is definitely not in line with sequential processing stages that emphasize the sensation followed by perception,
cognition, decision, and then action, because action can occur without these
cognitive components. Resembling this, Runeson’s (1977) thoughts on smart
mechanisms in visual perception explain that for the skills involved it may
be rather unnecessary to ascribe complex (internal) calculations. Instead,
simple and direct, and thus smart, couplings of inputs and outputs are the
result of the perceptual system being inherently compatible with environmental constraints. The smart solutions are functional because of the prevalence of constraints, and “there is no reason why this should not include
those aspects of physical/ecological regularities that make optic arrays specific and perception possible” (Runeson, 1988, p. 300).19
Releasing a button as reaction to a bright flash takes for a human slightly
less than 200 ms at best, but if a target is suddenly displaced during hand
movement towards it the hand moves towards the new target position in
slightly less than 100 ms (Brenner & Smeets, 2003). Brenner and Smeets
(2003) investigated whether such fast on-line visual control is specific to the
magnocellular visual pathway, motivated by the faster responses of the magnocellular layers of the lateral geniculate nucleus (LGN) than the parvocellu19

Note that Runeson’s use of ‘perception’ is here a direct perception that can resemble Milner
and Goodale’s ‘vision for action’ but not their ‘perception.’
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lar layers. Giving input to the magnocellular layers, the M retinal ganglion
cells respond to low spatial and high temporal resolution, and have high
contrast sensitivity and high conduction velocity. Connecting to the parvocellular layers, the P retinal ganglion cells respond to high spatial and low
temporal resolution, and have low contrast sensitivity and low conduction
velocity. Unlike the P cells, the M cells respond to light regardless of color.
Brenner and Smeets (2003) constructed stimuli specific for the magno- and
parvocellular pathways, respectively, and a target stimulus was laterally
displaced after the start of a reaching movement. Hand movement towards
new target position was initiated around 100 ms on average, and the response was about 35 ms faster for magnocellular-specific stimuli (Brenner &
Smeets, 2003). This is in line with dorsal stream processing for vision for
action because the parietal cortex gets most of its input from the LGN magnocellular layers. In other words, movement control is not only fast but also
prospective in that movements are controlled by normally unconscious anticipation of ensuing events, and the closer to the implementation of the action the more important is the direct access to information without consciousness involvement (Lee et al., 1997). In fact, “it is well known that
when athletes start thinking about their movements, performance deteriorates” (von Hofsten in Lee et al., 1997, p. 260).
The processes of separate sensory mechanisms are integrated to provide a
coherent holistic experience. This is the normal condition because the information provided by the sensory systems is mainly congruent and redundant,
although one of the systems may dominate depending on the specific circumstances (e.g. Bresciani, Dammeier, & Ernst, 2008; Ernst, Banks, & Bülthoff, 2000; Ernst & Bülthoff, 2004; Lackner & Dizio, 2004). The degree of
dominance of each sensory system may be expressed in different weightings
of the sensory cues as conditioned by the external events and the state and
ability of the perceiver. The processing that integrates the sensory signals
from different modalities occurs unconsciously and effortlessly, with the
CNS sorting the signals to combine those that most likely originate from the
same source. Selection and integration of multisensory signals can thus be
considered an optimization process that uses the redundancy of the various
cues or information (Bresciani, Ernst, Drewing, Bouyer, Maury, & Kheddar,
2005; Ernst & Banks, 2002). Furthermore, there are multisensory neurons
that are maximally activated by temporally and spatially synchronized multimodal events (Eimer, 2004; Spence & Driver, 2004).
The multisensory integration underlying SO in aviation and the control of
the aircraft may be conceptualized in terms of system control models. The
block diagram in Figure 10 represents one early control system model, from
the late 1950s or early 1960s, and as described by Benson (2003) to have a
heuristic value in the identification of key elements of aviator SO. In this
model, the vestibular and somatosensory systems are supposed to be phase
advanced relative to the visual system in their responses to attitude and mo41

tion of the aircraft. The vestibular and somatosensory systems thus have the
advantage of quicker responses to movements.
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Figure 10. An early control system model of the closed control loop of aircraft spatial orientation where vestibular, touch, and proprioceptive cues are phase advanced relative to the
visual cues. Adapted from Benson (2003).

The normal condition in daylight, however, is that vision nevertheless
dominates in the process of multisensory integration for SO. Furthermore,
the division of vision into two main systems gives rise to a control model
like that in Figure 11.
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Figure 11. The closed control loop of aircraft spatial orientation where the focal and ambient visual systems are represented. The vestibular and the ambient visual systems share a
common pathway and neural center as relayed to motor responses that control the aircraft
without conscious involvement. Adapted from Benson (2003).
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The model in Figure 11 builds on the concepts put forward by Leibowitz
and colleagues (Benson, 2003), and the visual system is thus considered in a
slightly different but important way. Given a (rich) view of the external
scene the direct connection from neural processing to motor response makes
it possible that the manual motor responses to control the aircraft can occur
swiftly with little or no conscious involvement (Benson, 2003). Conversely,
the pilot is forced to use only the focal visual mode in reading the flight instruments in poor visibility, making him or her disadvantaged in comparison.
The disadvantage occurs despite the fact that vision is still used as the most
important sense for controlling the aircraft.
Interestingly, as triggered by an ambient visual scene via vestibulo-spinal
reflexes, the previously mentioned OKCR fits nicely into the latter model
where ambient vision and vestibular system share a center for neural processing with a direct pathway to motor responses. Moreover, the difference in
neuronal anatomy between central and peripheral vision relates both to focal
vs. ambient vision and vision for perception vs. vision for action. Anatomical and physiological evidence indicates that the central and peripheral visual fields are represented differently by the ventral (perception) and the dorsal (action) streams (Brown, Halpert, & Goodale, 2005). That is, central
vision is represented more densely in parvocellular layers than in magnocellular layers at the dorsal LGN, and with peripheral eccentricity the density of
the parvocellular layers declines more rapidly than magnocellular density.
Subareas of the ventral stream also have receptive fields more likely to include foveal regions than peripheral, and subareas of the dorsal stream have
receptive fields representing the central and peripheral visual fields relatively
evenly. In accordance with this, Brown et al. (2005) presented experimental
results indicating that visual information in the peripheral visual field is
processed differently for perception and action. Prior knowledge of target
size reduced variability in estimates of target size but not the scaling of
grasping movements toward targets. Perceptual estimates of targets were in
accordance with the functioning of the ventral stream, showing a tighter link
to memory systems than action, and target grasping was consistent with a
visuomotor system (dorsal stream) computing target data in real time for
guiding action (Brown et al., 2005). The role of the dorsal stream for the
peripheral visual field may be important for visual control of the peripherally
positioned hand and obstacles to be avoided, and the role of the ventral
stream in peripheral vision may be to provide only a coarse contextual
framework for perception (Milner & Goodale, 2008).
The dissociation of the ventral and dorsal streams does not exclude their
combination or interaction, although “perception and action require quite
different transformations of the visual signals” (Milner & Goodale, 2008, p.
778). Important is that as opposed to perception an egocentric framework is
required for action (e.g. Milner & Goodale, 2008). Although the processing
of flight symbology by the focal visual mode in low visibility may involve
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dorsal stream processing it seems more characterized by a vision for perception. Conversely, the ambient mode including peripheral vision in good visibility seems to provide the more complete prerequisites for a vision for action in controlling the aircraft.

Peripheral vision displays
Peripheral vision displays can be highly effective in that they can capitalize
on our greater relative sensitivity for motion in the visual periphery. For
example, Kooi and Mosch (2006) designed a peripheral motion display that
used low-contrast motion patterns for information coding to convey various
instructions to car drivers successfully (e.g. instructions to turn right or left
or to brake). The display also had a surprisingly low attentional demand and
did not attract the eyes to it (Kooi & Mosch, 2006). Similarly, Victor (2005)
discusses peripheral vision displays in the car for information about presentpath position on the road. For example, this can be made possible by means
of a diode laser projecting a line of light with the amount and placement of
the light-line indicating amount of lane deviation (Victor, 2005). These two
examples show the primary benefits can be that the driver can keep his eyes
on the road while getting visual messages from a route-navigation display, as
reinforcement of verbal messages, or getting information to support lanekeeping performance. In this, peripheral vision capabilities mainly for detection and identification of information seem to be capitalized on.20
A perhaps more fundamental way is to stimulate the peripheral retina with
motion to engage ambient vision and the direct pathway to the SO mechanism. For example, Johansson (1977) induced illusory ego-motion, or vection, in the vertical dimension in subjects by means of vertically moving
stripes only 1° wide and presented in the visual periphery. Moreover, “even
a single dot in oscillatory motion 70° from the fovea has been found to be
enough in some subjects” (Johansson et al., 1980, p. 51) to induce vection.
Motion in the near frontal plane did not induce vection, whereas focused
depth may affect the efficiency or perceived velocity of the peripheral vision
dependent vection (Johansson, 1977). Depth periphery, or that which is perceived as a background, may thus influence perception of ego-motion, although motion covering the visual periphery may be considered a more efficient determinant for our SO (e.g. Delorme & Martin, 1986). Malcolm
(1984) framed this well when emphasizing that our orientation comes primarily from vision, then from the vestibular sense, and then the proprioceptive and kinesthetic senses, with peripheral vision having its own special
merits:
20
Nilsson, Falkmer, and Samuelsson (1999) and Falkmer, Nilsson, and Törnros (2000) are
further examples of detection and identification of information by primarily peripheral vision
inside the car.
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The peripheral vision, it turns out, sends signals directly into the centres that
operate our sense of balance. In fact, it has been shown … that the visual system also projects onto the vestibular nucleus … So, the vestibular nucleus
which projects onto the cortex and gives us our sense of orientation and balance, and co-ordinates a lot of our movement, also has a direct connection to
the visual system. This is as we should expect, given how powerful a contribution vision makes to our sense of balance.
Malcolm, 1984, p. 233.

Malcolm (1984) not only argued for the importance of using the peripheral visual field for presenting SO information, but also invented an aid
called the Peripheral Vision Horizon Display, also known as the Malcolm
Horizon, for the purpose of counteracting pilot SD. This device projected a
gyro-stabilized “thin line of laser light representing the real horizon onto an
aircraft’s instrument panel” (Gawron & Knotts, 1984, p. 539) to inform
about the pitch and roll angles. The laser-line thus moved in correspondence
with the true horizon outside the aircraft. Results from in-flight tests and
further developments were rather promising but the device was not successfully established in aircraft, perhaps mostly because of technological limitations (e.g. Gawron & Knotts, 1984; Small et al., 2004). Still, although stimulating the peripheral visual field, complications with the Malcolm Horizon
are that it poses problems of upright – inverted ambiguity and that it is constrained to a relatively small total area of the visual field at non-infinity on
cockpit interior. Furthermore, at high pitch angles the laser line projects on
the windscreen and canopy instead of instrument panel, although there were
options to scale down its sensitivity to 1:2 or 1:3 in the pitch dimension
(Gawron & Knotts, 1984). This meant that one could choose between scaling
it to not representing pitch in a veridical manner or, at extreme pitch angles,
having the laser line project elsewhere in the cockpit than onto the instrument panel. Nevertheless, its potential effectiveness is not forgotten. For
example, involving only bank angle and tested in a fixed-base laboratory
setting, quite recent evidence presented by Comstock, Jones and Pope (2003)
indicates that an extended horizon line (Malcolm Horizon) can lead to clear
improvement in an attitude control task. It may also be considered that the
extent of degradation of tracking task performance is dependent on the degree of restriction of peripheral vision (Wickens & Hollands, 2000).
Another solution for using peripheral vision is the Background Attitude
Indicator that represents the horizon on the outer edges of several HDDs
(Liggett, Reising, & Hartsock, 1999; Reising, Liggett, & Munns, 1999). That
is, the horizon is represented as a background on the outer display edges extending across three displays, and color shading and patterns together with
pitch lines provide bank and pitch information to the pilot. Tested in simulator studies it showed the best performance in pilots’ recoveries from unusual
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attitudes and pilots highly favored the design over other formats. Thus, this
kind of peripheral vision display may be suitable for enabling recoveries from
unusual attitudes (Reising et al., 1999). It is not clear, however, how effective
this HDD solution is in triggering an ambient visual mode. In addition, it
seems probable that it would benefit from an improved integration of roll and
pitch. This seems to apply even if (traditional) pitch lines are used, but especially if only a ‘ghost horizon’ indirectly portrays horizon orientation.
Yet another example is the panoramic night vision goggle. It was developed by the US Air Force Research Laboratory to expand the night vision
goggles’ field of view to about 100° horizontally by 40° vertically (e.g. Craig,
Task, & Filipovich, 1997; Jackson & Craig, 1999; Previc, 2004b). An emergent further development is computer-generated symbology superimposed on
the panoramic night vision goggle mediated night scene, by means of miniature flat panel displays or similarly, that will make it possible to present primary flight symbology. This is an achievement in line with the US Air Force
vision for display development aiming at increasing situation awareness, as
based on definitions of alleged ‘panoramic’ and ‘immersive’ classes of situation awareness (Tulis, Hopper, Morton, & Shashidhar, 2001). According to
this vision, the “basis for identifying the panoramic SA [situation awareness]
goal comprises such factors as the excitation of peripheral vision cues for
horizontal viewing fields greater than about 100 degrees and the opportunity
to present integrated display formats” (Tulis et al., 2001, p. 11). The overall
vision goals around the years 2000-2005 included a wide field-of-view helmet-mounted display (HMD) and a very large flat panel display. Advancement of display technology has certainly made it possible to field various
kinds of large display presentations for many applications, even in the settings of aircraft cockpits (e.g. Ercoline et al., 2004).21 In addition, with the
pilots using HMDs there has been and is a demand for the betterment of headtracker technologies to stabilize the visual presentations. Newman and Haworth (2004), for example, state that preliminary requirements of an HMD
head-tracker system include a latency of 20 ms (50 Hz) and an effective head
movement tracking of 120-240°/s. The main problem is that head movement
must be detected before correction of visual image can be made, and the delay this causes is a threat to establishing visual dominance and may even
cause motion sickness (Bles, 2004). Thus, this delay should be minimized. It
may also be considered that the position and angular accuracy of the headtracking should be maximized to establish visual dominance.
In a car-driving simulator, Kappé, van Erp, and Korteling (1999) presented information of lower spatial resolution in the peripheral visual field,
controlled for by using head-tracking defining a window of central field of
view with high spatial resolution. It resulted in a positive effect on lane21

Apparently, a large flat panel display, together with an HMD replacing the HUD, is fielded
in the F-35 Joint Strike Fighter aircraft.
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keeping performance and SO in that it was as effective as with high spatial
resolution of the whole image. Peripheral motion displays with lower spatial
resolution, or decreasing spatial resolution with increasing eccentricity, may
therefore effectively mediate information to ambient vision. This may be a
solution for lowering the demand on displays or computer processing when
increasing display size.
In short, as evident by the impetus for increasing display size and the variety of suggested peripheral vision displays, the notion of the merits and
possibilities of employing the visual periphery in various ways lives on.

Visual flow and intuitive displays
Effective use of symbolic information like altitude, heading, and angle of
attack presented to focal vision typically involves inference and learning. In
contrast, certain natural information can be picked up more or less directly
because we are naturally attuned to the intrinsic information of certain stimulus patterns of light. Gibson (1950) was one important pioneer22 in changing
the focus from the retinal image to the flux or flow of light as being primary
for the activation of a visual system (Johansson et al., 1980). Hence, the
primary optic stimulus was a spatiotemporal structure of light that contained
information for movement relative to the environment:
The gradients of velocity and direction are invariable accompaniments of locomotion if the observer keeps his eyes open. The focus of expansion in the
field ahead is an exact indicator of the point in the world toward which he is
going; a shift of the focus goes with a change in the direction of locomotion
and this provides him with a sense of a point of aim. The point of aim is, in
fact, implicit everywhere in the visual field, and even when the observer does
not look where he is going, he can in a sense see where he is going.
Gibson, 1950, p. 123.

When an observer moves in a stable environment the retinal image
changes in accordance with the changes in the light reflected from the environment. The retinal-image change is a result of the lawful transformation of
the velocity gradients of environmental surfaces, and it is this temporal
change in the optic array from a moving point of observation that is called
‘optic’ or ‘optical flow’23 (Gibson, 1950; Lee, 1980; Warren, Morris, &
Kalish, 1988). The change of the retinal image follows from the optic flow
22
Johansson (1950) was another pioneer also emphasizing a flow type of stimulus description
by his velocity vector analysis of motion. In aviation, Langewiesche’s (1944) ‘angular distances’ or changes in optical angles very much resemble Gibson’s (1950) emphasis on flow
information.
23
Throughout this thesis, visual flow is used interchangeably with optic and optical flow.
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but with eye movements introducing further motion components in the
proximal stimulus flow on the retina, a subject of mathematical analysis and
empirical investigation (e.g. Longuet-Higgins & Prazdny, 1980; Regan,
1985; Warren et al., 1988). For example, consistent with Gibson’s original
hypothesis, there is evidence indicating that the global radial outflow is used
for our perception of where we are going during locomotion. Warren et al.
(1988) showed that heading could be determined with accuracy less than 1°
from the FOE of the optic flow. Warren, Kay, Zosh, Duchon and Sahuc
(2001) investigated in an immersive virtual environment the walking toward
a target with a simultaneously presented flow with the FOE displaced from
the direction of walking. The results showed that the walking with no flow
was toward the target, but to an increasing degree toward the offset FOE
with increasingly added flow. This led Warren et al. (2001) to conclude that
humans use the optic flow, but that there is a robust control of locomotion
allowing for flexible adaptation to environmental conditions (i.e. flexibility
to use other information than flow for the visual control of movement heading). On foot or in aircraft, the judgment of the direction and velocity of
movement can thus depend on the information of texture flow distributed
across large parts of the visual field (Wickens & Hollands, 2000).
Mathematical analyses by Koenderink and van Doorn (1975, 1978) revealed that optic flow can be decomposed into the four simple motion structures expansion, contraction, rotation, and shear.24 Evidence also exists of
primate cortical areas processing specific motion information, areas extending from striate to dorsal extrastriate cortex (e.g. Maunsell & Newsome,
1987; Ungerleider & Mishkin, 1982; Wurtz, Duffy, & Roy, 1993). For example, the neuronal visual motion processing occurs at striate cortex (V1),
medial temporal area (MT), and medial superior temporal area (MST), and
there is a successive increase in receptor field size from V1 to MT to MST
(Duffy & Wurtz, 1993; Tanaka, Hikosaka, Saito, Yukie, Fukada, & Iwai,
1986; Tanaka & Saito, 1989).25 The retinal and cortical receptive fields also
increase in size and decrease in concentration with peripheral eccentricity.
The neurons of V1 and MT show responses that are highly selective for
translational motion directions in local patches of the visual field, and the
MST neurons respond to motions distributed over larger areas. Furthermore,
the neurons of the MST dorsal area (MSTd) have very large receptive fields
and show specific responsiveness to the motion structures expansion, contraction, and rotation. Thus, neuronal signals from MSTd may be crucial for
our perception of the optic flow generated by locomotion (e.g. Wurtz, 1998).
There is evidence from positron emission tomography of humans indicating
that optic flow or coherent motion over a large area of the visual field evokes
24
Shear is for example an expansion in the horizontal dimension combined with a simultaneous contraction in the vertical dimension.
25
The dorsal stream involves the projection from V1 to MT to MST and MSTd.
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activity in a network of various cortical areas (e.g. Beer, Blakemore, Previc,
& Liotti, 2002; Peuskens, Sunaert, Dupont, van Hecke, & Orban, 2001; Previc, Liotti, Blakemore, Beer, & Fox, 2000). Functional magnetic resonance
imaging also has revealed areas apart from MT and MST of the human cortex as involved in the responses to optic flow stimuli (e.g. Peuskens et al.,
2001; Rutschmann, Schrauf, & Greenlee, 2000). Moreover, the results in
Peuskens et al. (2001) showed that dorsal premotor activity was stronger in
judgment of heading from optic flow than in a control task, and they thus
concluded that it might represent a visuomotor connection related to transforming heading information into motor schemes.
In short, optic flow, or visual flow, has overall led to a vast amount of research in fields such as neurophysiology and neuropsychology, psychology
and human factors, robotics and machine intelligence, virtual reality and
presence, and the like. The attraction of this concept may perhaps partly be
explained by somewhat of a ‘control duality.’ In the continuous perception –
action loop, an active observer moving relative to the environment can in a
sense control the picked-up information of visual flow by his or her movement while the visual flow controls the movement (Koenderink, 1986; Lee,
1980).26 Nevertheless, visual flow can in essence be characterized as a natural, direct, or intuitive type of information used for our interaction with the
environment, and even birds can be considered utilizing time-to-contact information to regulate highly dynamic behavior (Lee & Reddish, 1981).
Visual flow displays may therefore constitute examples of intuitive displays. Intuitive displays may be defined as capitalizing on our naturally
automated functions and capabilities that require effortless or little or no
conscious processing. Correctly configured and implemented, intuitive displays may thus help the operator or pilot perform certain tasks effectively
and efficiently with a relatively low degree of mental workload (Eriksson,
Carlander, Borgvall, Dahlman, & Lif, 2005). Van Erp (2007) discusses other
more precise definitions of intuitive displays as related to the Prenav model,
see Figure 12, that models human behavior in platform navigation and control (van Erp & Werkhoven, 2006). The strictest definition of intuitive displays refers to that “an intuitive display is a display that enables closing the
sensationaction loop” (van Erp, 2007, p. 15), and alternatively, as defined
less strictly, “an intuitive display enables closing the sensationaction loop
or the perceptionaction loop” (p. 15). There is no involvement of further
processing by memory and attention in the former definition. In the latter,
cognitive resources can influence action in that the sensation is interpreted
into a percept before action, but the percept still elicits automated action as
result of the execution of established if-then rules of association between
26
One may as well refer to it as our action-based presence in or even action-based part of the
environment, thus perhaps better denoting the active control dynamics involved and the reciprocity between stimulus and response (cf. Jagacinski & Flach, 2003).
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percept and action. In both of these definitions of intuitive displays, innate
reflexes and highly trained skilled behavior are treated as equal concerning
the level of processing necessary for control actions.
Cognitive ladder
decision

cognitive
resources

state

stressors

action

system /
environment

Navigation

memory
attention

perception

Steering

sensation

T

V

Control

A

display

Figure 12. The Prenav model of human behavior in platform control and navigation.
(Adapted from van Erp, 2007.)

The levels of perception and decision are included in the cognitive ladder
that incorporates the cognitive resources or processes like memory and attention. The Prenav model was modified to recognize that the amount of cognitive resources involved should be treated as a continuum that depends on the
employed display coding principle, the user’s expectations and preferences,
and the user instruction and amount of training (van Erp, 2007).27 Thus, it
indicates that the involvement of the cognitive ladder is not an all or none
factor, but a continuum, as illustrated in Figure 12 by the light- to dark-gray
gradient. In this, combined with building on several other models Prenav
capitalizes on Rasmussen’s (1982, 1983) concepts of skill-based, rule-based,
and knowledge-based behavior (van Erp, 2007). For example, even for an
intuitive display that is mainly used effectively and efficiently from the start,
training or prolonged use of it may further improve performance and reduce
the effort involved. The five parallel arrows to sensation indicate different
sensory modalities such as vision (V), audition (A), and touch (T), with the
sensory cues processed in parallel at least at the level of sensation. External
stressors like vibration, G-load, noise, and reduced visibility may negatively
affect primarily the processes involved by the cognitive ladder via their impact on the operator’s state. The model predicts the two potential bottlenecks
27

The coupling of sensation and action in the model may be considered equal or very similar
to the functioning of direct perception or vision for action.
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of sensory and cognitive overload regarding the use of display information.
Sensory overload exists when, for example, the visual or auditory channels
are excessively burdened by information transfer. Cognitive overload exists
when, for example, memory and attention resources are occupied by the
visual inspection and evaluation of display information. These bottlenecks
are indicated in Figure 12 by the gray arrows to sensation with “V” (vision)
and “A” (audition). As solution for overcoming these bottlenecks, van Erp
(2007) emphasizes that the sensory channel of touch (T) can be utilized by
employing various forms of tactile displays. Tactile displays commonly use
localized vibrations, or electrical signals, as tactile cues of information. They
have been shown to be intuitively effective and efficient in a number of tasks
and environments, supporting the view that tactile cues may be processed at
a low level in the CNS that do not require higher level resources (e.g. Benson, 2003; Self, van Erp, Eriksson, & Elliott, 2008; van Erp, 2007; van Erp
& Werkhoven, 2006). In a similar manner, visual and auditory displays can
be considered intuitive displays if they are correctly configured, implemented, and used for specific functions.
On one hand, the view of intuitive displays in this thesis may deviate
somewhat from van Erp’s Prenav-modeling. What is here meant as true intuitive displays are only those that capitalize on our naturally automated or
even innate functions and capabilities to enable the closing of the sensation –
action loop. Because it may directly affect sense of orientation, a visual flow
display including the visual periphery for supporting SO can be an example
of a true intuitive type of display. On the other hand, some types of displays
may build on our naturally automated functions and capabilities for establishing if-then rules in coupling perception – action. A tactile belt display
around the torso used for presenting directions to navigation waypoints can
be an example of this. Although it capitalizes on our natural instinct and
ability to attend to the tactile stimulus and localize it on the body, there nevertheless must be an understanding of its meaning in terms of a navigation
direction as mapped from torso to environment to establish an efficient perception – action coupling. This perception – action coupling, however,
seems to be established in a quite rapid manner, and after brief use of the
tactile display the processing involved may approach or resemble the sensation – action coupling (e.g. Eriksson, Berglund, Willén, Svensson, Petterstedt, Carlander et al., 2008; van Erp, van Veen, Jansen, & Dobbins,
2005). In explaining the intuitiveness of tactile conveyance of directional
information, van Erp and Werkhoven (2006) refer to the tap on the shoulder
directly drawing our attention to the direction of the tapping. (They also
liken it to the rooting reflex in babies when the head is turned in the direction
of a tactile stimulus on the cheek to ensure breastfeeding.) However, this is
not the same as indicating a direction to a waypoint, or a threat, but it may
help explain the rapid establishment of perception – action coupling and the
resemblance to the sensation – action loop. Thus, this latter kind of display
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may also be regarded an intuitive display, although in a weaker sense than a
visual flow display.

Intuitive multisensory displays
As suggested above, both visual and tactile displays may be considered intuitively effective and efficient for certain functions and tasks wherein aspects of our naturally automated functions and capabilities are capitalized
on. In addition, 3D audio is now a rather mature technology that makes it
possible to trigger our natural sound-localization capability by sound displays. Primarily by using inter-aural time- and intensity-differences in produced sound and sound filtering with head-related transfer functions, give us
the opportunity to present sound localized in the three world dimensions
(e.g. Veltman & Oving, 1999).
Besides the possibly increased alerting value by stimulation of several
senses simultaneously (Santangelo & Spence, 2007; Spence & Driver,
2004), the different advantage(s) of each display may be complementary in a
specific task in a way that neutralizes display specific limitations (e.g. Oskarsson, Eriksson, Lif, Lindahl, & Hedström, 2008). Multitasking and attention management are also supported by bimodal or multimodal displays (e.g.
Sarter, 2007; Wickens, 2002). In addition, to enhance a sense of immersion
or presence in virtual reality applications, visual displays are complemented
by the added stimulation of other senses such as audition and touch. These
kinds of displays have all been rather extensively explored, including their
application in military settings and tasks. Quite recent examples are the use
of visual, tactile, or 3D audio displays for the dismounted soldier in land
navigation (Eriksson et al., 2008; Gilson, Redden, & Elliott, 2007; Redden,
2006), and 3D audio and tactile cueing for target acquisition in combat vehicle (Carlander & Eriksson, 2006). Other examples are the use of tactile cueing for handling waypoint navigation in an army helicopter and marines boat
(van Erp et al., 2005), and the diver’s underwater navigation (Dobbins &
Samways, 2003).28 In simulated fighter aircraft settings, visual and 3D audio
displays have been combined for improved target acquisition (e.g. Veltman,
Oving, & Bronkhorst, 2004), and combined visual and tactile displays have
improved reaction to and interception of targets in aerial combat with high
acceleration (Eriksson, van Erp, Carlander, Levin, van Veen, & Veltman,
2006b; van Erp, Eriksson, Levin, Carlander, Veltman, & Vos, 2007). In
these examples of military applications the displays presented directional
information that may be regarded a natural and intuitive way to use auditory
and tactile displays.
28
Dobbins and Samways (2003) also report the setting of the world record in blind water
speed with a (non-military) high-speed boat by means of a tactile display indicating navigation direction to the driver.

52

Tactile and 3D audio displays have been considered for supporting pilot
SO and experimental results have been positive, in particular for tactile displays (Bles, 2004; Liggett, Venero, & Anesgart, 2004; McGrath, Estrada,
Braithwaite, Raj, & Rupert, 2004; Rupert, McGrath, & Griffin, 2003; Small
et al., 2004; van Erp, Groen, Bos, & van Veen, 2006; van Erp, Veltman, van
Veen, & Oving, 2003). Furthermore, Albery (2007) describes a multisensory
system called the ‘spatial orientation retention device’ for enhancing attitude
information during flight that incorporates an HMD and tactile and 3D audio
displays (see e.g. Small et al., 2004 for background). Besides using a modified version of an arc-segmented attitude reference symbology for the HMD,
the tactile display is for example intended to alert for over-banked situations.
That is, the conveying of roll angle is made by emulating the horizon
through tactile cueing with a row of vibrating elements onto the body. The
3D audio may utilize a white noise source that increase in volume in the left
ear when rolling left and in the right ear in a right roll. In addition, an orientation processor takes into account flight control and performance parameters together with a model of human visual-vestibular-tactile input and processing to predict levels of SD. Unlike an automatic system for ground collision avoidance, an important feature of the spatial orientation retention device is that it will not take over control of the aircraft at a pre-set altitude but
provide complementary attitude information by means of the multisensory
displays. Thus, this may lead to an increased performance without overriding
pilot in-the-loop control, or perhaps by delaying the point in time when
automatic control takes over. Keeping the pilot in the loop with adaptive
assistance in areas or circumstances of pilot limitations seems to be in line
with a human-centered automation philosophy (e.g. Reising et al., 1999;
Sheridan, 2002; Wickens & Hollands, 2000). The spatial orientation retention device is an important example of the use of intuitive displays combined
with adaptive system qualities for supporting pilot SO. The use of the visual,
tactile, and 3D audio displays, however, may not necessarily represent the
most intuitive means for supporting SO (see above).
There can thus be potential benefits of employing intuitive multisensory
displays, and tactile displays can be a possible remedy for the rather common overtaxing of visual and auditory channels (e.g. Eriksson et al., 2008;
Gilson et al., 2007; Redden, 2006; Self et al., 2008; Small et al., 2004; van
Erp, 2007; Wickens, Small, Andre, Bagnall, & Brenaman, 2008). Notwithstanding, because vision plays an undoubted critical role in SO, the continuing efforts to improve particularly visual displays to support pilot SO are
important.
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Display Design and Methodological Issues
Traditional display design evaluation
The stages in the development of aircraft display symbology include preliminary design, mockup evaluation, evaluation and validation in simulation,
and in-flight testing (Reising et al., 1999). So-called standard flight and
simulator techniques or tests used in SD evaluations are unusual-attitude
recoveries, attitude awareness evaluations, and studies of entry into loss of
control, of which the unusual-attitude recovery test is the most common (e.g.
Newman & Haworth, 2004; Wickens et al., 2007). The unusual-attitude recovery test means the aircraft is brought to an extreme attitude from which
the pilot is required to recover the aircraft to straight and level flight (Newman & Haworth, 2004). Thus, it determines display effectiveness in providing orientation information and the intuitiveness in making the pilot couple
his or her perception with the correct control action. (Most often, of course,
the displays are visual.)

Measuring SO mechanism resonance
The focus in the present thesis is not on manual control performance per se,
but on the sensation – action coupling in terms of visual display resonance
with the mechanism for SO. That is, the focus is on the intuitive and direct
impact on SO that comprises the egocentric framework for a vision for action or a direct perception.
Mainly unconscious to us, SO is determined by the ability of the CNS to
integrate the multisensory inputs and adapt the relative importance of each
sensory modality to the current environmental circumstances (Dichgans &
Brandt, 1978; Lackner & Dizio, 2005; Riccio, 1995). Visual motion can
induce a non-veridical experience of self-motion, such as with a visual flow
of expanding motion elements generating a perceived forward ego-motion
(e.g. Andersen & Braunstein, 1985) and a rotational flow eliciting perceived
observer rotation (e.g. Dichgans & Brandt, 1978). This phenomenon of perceived self-motion produced by visual motion without corresponding body
movement is commonly referred to as vection (Sauvan & Bonnet, 1995;
Telford & Frost, 1993). It constitutes one of three more narrowly defined
topics within visually induced self-motion. The two other topics are the perception of direction of self-motion or heading (e.g. Warren et al., 1988) and
postural control (Berthoz, Lacour, Soechting, & Vidal, 1979; Flückiger &
Baumberger, 1988; Stoffregen, 1985). The coherent visual motion of optic
flow, or visual flow, has long been recognized as capable of dominating
sensory signals from other senses, and, as termed by Lishman and Lee
(1973) and Lee and Lishman (1975), vision can be regarded an autonomous
kinaesthetic or autonomous proprioceptive sense. In other words, visual
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motion can elicit both perceived change of body position and nonvoluntarily triggered body movement.
Although vection, heading, and postural control are all based on vision,
postural control has a more obvious direct connection with the vestibular and
somatosensory systems. For example, postural control is not mediated by a
deliberately produced performance in the same way as indicating the direction of self-motion (heading) on displays or the reporting of when the experience of self-motion (vection) initiates and ends. A visual stimulus effecting increased postural sway can be directly linked to increased suppression
of somatosensory and vestibular inputs. Thus, with postural responses as
performance measures, greater perturbation of balance reflects increased
effectiveness of the visual information in determining SO. Subjectively conscious components of perturbed balance may also be non-existent if the observer makes a deliberate effort to stand as still as possible during measurement (cf. Stoffregen, Hove, Schmidt, & Bardy, 2006). Along these lines, in
most of the empirical work of the present thesis postural control measures
are used as indications of visual display resonance with the multisensory
integrated mechanism for SO. The exception is one of the studies, conducted
in a human centrifuge that made it necessary to adjust the method. With participants being in a force field of accelerations, this method involved manual
adjustments of the orientation of a device in accordance with instinctively or
intuitively perceived horizontal orientation.
Balance is fundamentally important for effective and efficient humanenvironment interactions that accentuate the managing of gravitational and
inertial forces (e.g. Riccio, 1995). Bertenthal and von Hofsten (1998) emphasize that the infant’s development and mastery of reaching and manipulation rely on postural control. This involves balancing the trunk and stabilizing the head and eyes to establish a stable frame of reference, and this
“nested hierarchy of support involving the eyes, head, and trunk forms an
important foundation for manual activity” (Bertenthal & von Hofsten, 1998,
p. 515). For example, as infants become better in controlling sitting posture
their speed and precision increase in coupling perceptions and actions. The
development of SO is thus naturally intertwined with the development of the
fundamental and dynamic perception – action coupling (Bertenthal et al.,
1997; von Hofsten, 1993, 2004, 2007). Put in another way, SO involves the
maintaining of balance and the enabling of vision for action.
The head may be considered the most important body part in measuring
postural control because the coordination of the head may best indicate the
overall integration ability of the CNS (e.g. Berthoz et al., 1979; Kennedy &
Stanney, 1996). Being primary sources for SO, the visual and vestibular
systems are also located in the head. Thus, in the postural control studies of
this thesis the measures of postural responses were based on head movement
registration.
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Finally, because pilots normally are more visually dependent than nonpilots in the SO establishing process, the participants in the empirical studies
of this thesis were all non-pilots to ensure potentially normalized or conservative results of the visual determinants for SO. In fact, SD in non-pilots has
been shown to be especially difficult to counteract or even reduce with synthetic visual presentations (e.g. Lessard, Matthews, & Yauch, 2000a; Previc,
2004a; Previc et al., 1992).
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Thesis Aims

A general aim of this thesis is to provide a perspective on human SO by the
investigation of prevention of SD in aviation. A more specific aim is to investigate further the notion of improved support of aviator SO accomplished
by the incorporation of synthetic visual flow in a flight display interface.
This includes scrutinizing some potentially critical factors for the design of
such a display. Hence, some perceptual issues relevant for display design are
investigated in three empirical studies.
Five main research questions are posed. Three of these are investigated in
experiments conducted in a normal and stable 1g environment with postural
responses indicating the visual resonance with the SO mechanism. The research questions essentially concern (1) whether increased perturbation of
SO is induced by the addition of visual flow of ego-motion to display presentations; (2) how efficient the employment of parts of the peripheral visual
field is for this purpose; and (3) whether such visual flow displays that
stimulate only peripheral vision are as effective in perturbing SO as displays
that include central vision. Furthermore, a human centrifuge producing inertial force conditions relevant for flight was used in investigating (4) whether
synthetic visual flow can reduce a spatial illusion primarily caused by erroneous vestibular information, and (5) whether it is more effective in reducing
the illusion than a display presentation without visual flow. Thus, the investigation of these issues and their inclusion in the empirical studies I-III can
be summarized as follows.
Study I investigated the foundation for a visual flow display in two experiments within the methodological framework of using postural responses
as measures of display effectiveness. The main research questions (1), (2),
and (3) above are included here.
Study II further investigated the questions posed in Study I, and two experiments were conducted using the general methods of Study I. In addition,
a suggested display design represents an attempt to integrate the experimental results with the key concepts of an operational HUD symbology.
In Study III, the impact of synthetic visual flow on the non-visual illusion
of body orientation – the SGI – was investigated in two experiments conducted in the acceleration environment of a human centrifuge. The effect of
visual flow also was compared to the effect of the same visual scene excluding the visual flow in one of the experiments. Thus, the main research questions (4) and (5) above are included in this study.
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Empirical Studies

Study I
The first study probed the fundamental assumption that presented visual
flow can determine SO effectively and investigated some potentially limiting
conditions for this. The method chosen was to use postural responses as
measures of display effectiveness. The main rationale is that measures of
postural control can be used in a rather easy and straightforward manner for
reflecting the impact of visual determinants of SO relative to the ones based
on the gravitational force (i.e. vestibular and somatosensory determinants).
The aviator’s SO is primarily based on vision and somatosensory and vestibular systems, and in a similar manner the control of balance and posture
relies on aggregated processes based on sensory signals received from receptors in the feet, joints, vestibular organ, and the visual system.
In Study I, postural responses were measured during manipulations of the
visual vertical in a laboratory setting with constant gravitational force.29 The
responses were measured by means of a head-tracker system while computer
monitors presented a view of ground and horizon as if viewed from a rolling
aircraft. Two experiments investigated the effects of visual flow velocities,
omissions of parts of the central visual field, and inclusions of the peripheral
visual field. The objective was to get specifications of visual determinants of
SO potentially useful for preliminary guidelines for the design of a flightdisplay including visual flow.

General methods
The simulations ran on a workstation supported by a server. Three 21-inch
computer monitors showed the simulations as positioned on a heightadjustable bench. Each of these computer monitors had a spatial resolution
of 1280 × 1024 pixels and a refresh rate of 72 Hz. A head-tracker system
registered the participant’s head position at 30 Hz.
The computer monitors were connected and positioned so that they covered an integrated visual field of 150° horizontally and 34° vertically at the
viewing distance 47 cm. As illustrated in Figure 13, the basis for the simula29
“Constant” gravitational force is emphasized because its meaning should here be understood as opposed to the dynamic and sustained acceleration environments of a human centrifuge or actual flight that involve altered GIF in a ‘gravity-meaningful’ sense.
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tions was a landscape of white rectangles distributed on a black ground with
increasing texture element density toward a clearly defined horizon. The
fields of view of this virtual environment presented on the displays were
determined by the position of the viewpoint as mainly indicated in Figure 13
(top view). The virtual landscape was made up of a matrix of 120 × 120
identical square units with each unit consisting of three white rectangles
against a black background. The viewing perspective was set at an altitude of
0.8 square units above the surface. Two levels of simulated forward ego
motion into the virtual landscape were used; 1.6 units/s were passed at low
forward velocity and 4 units/s at high velocity, corresponding to 4.8 white
rectangles/s and 12 white rectangles/s, respectively. Each block of trials included sequences of roll maneuvers of high or low velocity, each of which
had amplitude of 15°. The plane of the landscape then stayed in its new position for 2.5 s, after which the roll was reversed. The low-velocity roll was
completed in 3.3 s, and the high-velocity roll in 0.6 s. Reference measures
were taken during presentations of a stationary full view of the virtual landscape in horizontal position as stimulus (Figure 13).

FRONT VIEW

TOP VIEW
Figure 13. At the top, a full-view of the display configuration as viewed from the front showing the virtual landscape with horizon and fixation cross, and below, a top view illustrating
the visual fields covered.

Four measures of postural responses were calculated from the headtracker measurements: (a) translational in the x-dimension, (b) translational
in the y-dimension, (c) trajectory of the head in the x-y-plane, and (d) rotational around the x-axis. Figure 14 illustrates the geometrical axes for these
measures in relation to observer position and head movements. For translational x and translational y, mean changes were computed from the regis-
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tered linear movements in each dimension for each trial. For rotational x,
mean change was computed from the registered angular movements around
the x-axis for each trial. For trajectory in the x-y plane, the summed distances
between subsequent measure points in the x-y plane were trigonometrically
computed for each trial. Each participant was positioned in the “sharpened
Romberg stance” while keeping as still as possible and fixating the cross in
the central display. In this stance, one foot is placed in front of the other heel
to toe, hands placed on the chest, and with the center of gravity kept approximately between the feet. The height of the display configuration was
adjusted so that the horizon line was at eye level, and the distances from the
observer’s eyes to the display surfaces were adjusted to ensure correct visual
angles. Before and after the experiment proper, the reference measures were
taken during 30 s, with the middle 10-s period used for computing the postural responses of each measure. The room was darkened during experimental conditions, and the room was lit up for about 5 to 7 min in between.

Figure 14. The four measures of postural responses as defined by the geometrical axes of
observer position and head movements. The calculated measures include means of (a)
translation in the x-dimension; (b) translation in the y-dimension; (c) trajectory in the x-yplane; and (d) rotation around the x-axis.

Experiment 1
The primary aim of Experiment 1 was to investigate the potential effects of
adding visual flow to simulated roll maneuvers, and of omitting various
amounts of the central field of the display configuration.
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Design
The experiment had a 5 × 4 × 2 factorial within-subjects design. It included
five sizes of central field omission, each presented at four forward velocities
and at two roll velocities. One central field condition was a full-view display
and the other four had no presentation except the fixation cross. The size of
the central field omission was 10° × 10°, 20° × 20°, 30° × 30°, or 40° × 34°
of visual angle. Figure 15 illustrates a 20° × 20° omission of the central field
and the maximum roll position at 15°.
Each of the five display configurations were presented in four blocks of
trials. The first and the last of these four blocks had no forward motion, and
in the blocks between there was one with low and one with high forward
velocity. Each of the four blocks included sequences of two slow and two
fast roll maneuvers with a uniform offset-to-onset interval. Each of the five
displays was presented for 180 s, and each of the four conditions of forward
velocity lasted 45 s.
The participants were 16 non-pilot undergraduate students with a mean
age of 23.9 years (range 20–41 years). They had no prior experience with the
stimuli used and were naïve about the purpose of the experiment. All had
normal or corrected-to-normal vision.

Figure 15. The display configuration with an omitted central field of 20° × 20° and the
ground with horizon in 15° roll position.

Results
Repeated measures analysis of variance (ANOVA) was applied to the set of
means of each of the four postural response measures. Every analysis included 40 means (5 × 4 × 2 = 40 conditions) for each participant, and each
mean was calculated from the two trials of roll maneuver of each condition.
Translational x (cm). The ANOVA showed main effects of forward velocity, F(3, 45) = 4.39, p< .025, omission of central field, F(4, 60) = 2.93, p<
.05, and roll velocity, F(1, 15) = 73.18, p< .0001. Tukey’s HSD tests showed
that no forward motion at the beginning block effected more translation in
the x-dimension than did no forward motion at the end block (p< .025), and
the largest omission of central field showed less translation than did the
omitted 10° × 10° field (p< .05). Low roll velocity gave rise to a higher
mean sway than did high roll velocity. The means of the forward velocities
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and the omitted central field are shown in Figure 16, with the reference
measures.
Translational y (cm). There were main effects of forward velocity, F(3,
45) = 37.17, p< .0001, omission of central field, F(4, 60) = 13.55, p< .0001,
and roll velocity, F(1, 15)=23.73, p< .001. A Tukey’s HSD test revealed
greater effects for both high and low forward velocities as compared with no
forward motion at both the beginning and the end blocks (p< .01 for each of
the four comparisons). Another Tukey’s HSD test showed that the full-view
display gave rise to higher mean sway in the y-dimension than did each of
the omitted central fields of 10° × 10° (p< .05), 20° × 20° (p< .025), 30° ×
30° (p< .001), and 40° × 34° (p< .001). Low roll velocity had a greater effect
than high roll velocity. Figure 16 illustrates the main effects of forward velocity and omission of central field on translational y, together with the reference measures.
1.0

X
Y

0.9

0.7

Mean change

Translation (cm)

0.8

0.6
0.5
0.4
0.3
0.2
0.1
0.0
Before

0B Low High 0E

Ref

FV

0

10x 20x 30x 40x
10 20 30 34

OCF

After

Ref

Figure 16. The group means of translational x and y for conditions of forward velocity (FV),
omitted central field (OCF), and reference measures (Ref). 0B and 0E of forward velocity
refer to zero velocity at beginning- and end-blocks of trials, respectively. Means are shown
with either +SE or -SE.

Trajectory in the x-y-plane (cm). Main effects of forward velocity, F(3,
45) = 9.41, p< .001, and omission of central field, F(4, 60) = 4.23, p< .01.
Tukey’s HSD tests showed that both the low and high forward velocity had
higher means of change than did no forward motion at the beginning (p< .01
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and p< .001, respectively) and at the end (p< .05 and p< .01, respectively).
Compared with the full-view display, the omission of a central field of 30° ×
30° and 40° × 34° showed lower mean change (p< .01 and p< .025, respectively).
Rotational x (degrees). There were main effects of forward velocity, F(3,
45) = 10.15, p< .001, omission of central field, F(4, 60) = 6.10, p< .01, and
roll velocity, F(1, 15) = 28.42, p< .0001. Figure 17 illustrates the main effects of forward velocity and omission of central field. Tukey’s HSD tests
showed that both the low and high forward velocities had greater effect on
rotational x than did no forward motion at the end (p< .01 and p< .001, respectively). High forward velocity also caused a greater effect than did no
forward motion at the beginning (p< .01). The omission of a central field of
30° × 30° and 40° × 34° showed lower mean change as compared with the
full-view display (p< .01 and p< .001, respectively). Low roll velocity effected more rotation of the head around the x-axis than high roll velocity.
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Figure 17. The group means of rotational x for conditions of forward velocity (FV), omitted
central field (OCF), and reference measures (Ref). 0B and 0E of forward velocity refer to
zero velocity at beginning- and end-blocks of trials, respectively. Means are shown with either +SE or -SE.

Conclusions
The results show greater postural effects in the lateral dimension (y) than in
the fore–aft (x) dimension. The synthetic visual flow with low and high for63

ward velocities induced greater postural instability as compared with the
zero forward velocity conditions. In addition, the reference measures were
quite comparable before and after the experimental session (Figures 16 and
17). (The translational x and y reference measures even indicated an inverted
relationship, as compared with the effects of the roll maneuver presentations.) Trajectory in the x-y-plane and rotational x indicated that only if 30° ×
30° or 40° × 34° of the central field were omitted did postural sway decrease
significantly as compared with the full-view display. Translational y showed
decreased effect even when only 10° × 10° was omitted. Low-velocity roll
had an overall greater impact on sway than did high-velocity roll.

Experiment 2
In Experiment 2, omissions of visual flow in the central visual field were
systematically varied together with reductions of peripheral visual flow.
Excluding the less sensitive x-translation measure, two out of three measures
in Experiment 1 indicated that the 20° × 20° central field omission did not
result in a significantly lower effect. All three measures showed a significantly lower effect with the 30° × 30° central field omission. Thus, the central field omissions of 20° × 20° and 30° × 30° were selected for Experiment
2.
Design
This experiment had a 3 × 3 × 2 × 2 factorial within-subjects design. There
were three amounts of omission of central visual flow, three extensions of
the peripheral visual flow, two forward velocities, and two roll velocities.
The roll velocities and forward velocities were the same as in Experiment 1.
Manipulating amount of central and peripheral visual flow gave nine conditions of display configurations. There were three levels of omitted central
field, 0° [no omission], 20° × 20°, and 30° × 30°, and three levels of peripheral extension in the horizontal dimension, 150°, 105°, and 45°. Figure 18
illustrates the display configuration with a 105° horizontal extension and a
30° × 30° central field omission. Each display presentation included one
block each of low and high forward velocity, and each block included three
slow and three fast roll maneuvers with a uniform offset-to-onset interval.
Each display configuration was presented 145 s, and each of the two forward
velocity conditions lasted 72.5 s.
The participants were 16 non-pilot undergraduate students with a mean
age of 24.6 years (range 19-30 years). They had no prior experience of the
stimuli and were naïve about experiment purpose. All had normal or corrected-to-normal vision.
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Figure 18. An illustration of the display configuration showing the ground with horizon in its
horizontal position and with an omitted central field of 30° × 30° and a horizontal field size
of 105°.

Results
The means were analyzed in separate repeated measures ANOVAs. Every
analysis included 36 means (3 × 3 × 2 × 2 = 36 conditions) for each participant. Each mean was calculated from the three roll trials of each condition.
Translational x (cm). The ANOVA showed a main effect of roll velocity,
F(1, 15) = 65.51, p< .0001, with no other significant effects. Low roll velocity showed higher mean change.
Translational y (cm). Main effects of omitted central visual flow, F(2, 30)
= 12.25, p< .001, extension of peripheral visual flow, F(2, 30) = 28.81, p<
.0001, forward velocity, F(1, 15) = 4.58, p< .05, and roll velocity, F(1, 15) =
51.25, p< .0001. The results for both translational y and x are shown in Figure 19. Tukey’s HSD tests showed that no omitted central field resulted in
higher mean lateral sway than did the 20° × 20° (p< .01) and 30° × 30° (p<
.001), and the 45° peripheral extension resulted in lower mean sway than did
the 150° (p< .001) and the 105° (p< .001). There was also an interaction
effect of forward velocity and roll velocity, F(1, 15) = 6.92, p< .025. A
Tukey’s HSD test showed that low roll velocity resulted in higher mean lateral sway at both forward velocity conditions (p< .01 for low forward velocity, and p< .001 for high velocity).
Trajectory in the x-y-plane (cm). There were no significant effects.
Rotational x (degrees). There were main effects of omission of central
visual flow, F(2, 30) = 20.40, p< .0001, extension of peripheral visual flow,
F(2, 30) = 13.95, p< .0001, forward velocity, F(1, 15) = 6.80, p< .025, and
roll velocity, F(1, 15) = 43.22, p< .0001. High forward velocity caused
higher mean rotation than low forward velocity, and high roll velocity
showed a lower mean rotation than low-velocity roll. There was also an interaction effect of omission of central visual flow and extension of peripheral
visual flow, F(4, 60) = 2.95, p< .05, as illustrated in Figure 20. A Tukey’s
HSD test showed that the combinations of omitted central field/extended
horizontal field of 0°/150° and 0°/105° each resulted in higher mean change
than did any of the other visual field combinations (p< .001 for all paircomparisons).
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Figure 19. The group means of translational x and y for conditions of forward velocity (FV),
omitted central field (OCF), horizontal field (HF), and reference measures (Ref). Means are
shown with either +SE or –SE.

Conclusions
In general, the effects were greater in the lateral dimension (y) than in the
fore–aft (x) dimension (Figure 19). (The translational x and y reference
measures again indicated an inverted relationship compared with the effects
of the roll maneuver presentations.) Translational y indicated that reducing
the peripheral visual flow from 150° to 45° of horizontal extension decreased the effectiveness of the display, and reducing the central visual flow
by an omission of even 20° × 20° of the central field decreased the effectiveness. Rotational x showed an interaction between central and peripheral
flow, revealing that the condition combinations of central and horizontal
fields of both 0°/150° and 0°/105° had greater effects than did any of the
other visual field conditions. Low roll velocity again showed an overall
greater impact on postural sway.
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Figure 20. The group means of rotational x for conditions of forward velocity (FV), combined omitted central field and horizontal field (OCF/HF), and reference measures (Ref).
Means are shown with either +SE or –SE.

Discussion
The synthetic visual flow embedded in roll maneuvers effectively perturbed
SO, and the effect varied as a function of the visual information provided.
The wide-angle display caused relatively high levels of postural sway in the
conditions of embedded forward motion in Experiments 1 and 2. The effects
of roll velocity were also similar in both experiments that showed a greater
effect of the lower roll velocity.
The fact that simulated forward motion enhanced the perturbation of posture during roll maneuvers is an important finding because it did not simulate any additional changes in vertical orientation. The roll maneuvers were
of the same magnitude independent of whether forward velocity was high,
low, or zero. Thus, the simulated forward motion must have enhanced the
effectiveness of the display. This supports the suggestion that visual flow
significantly affects SO and supports the visually guided SO system.
The simulated rolls had a greater effect with the low roll velocity. This is
probably because the semicircular canals are stimulated by accelerations,
and the acceleration is weak in slow rolls. In a slow roll maneuver, the system will not expect much input from the semicircular canals and the visual
input will be less challenged (e.g. Benson, 1978a). In a fast roll, however,
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the visual change is contradicted by the absence of change in the semicircular canals, and this decreases the effect of the simulation. In other words,
rapid orientation changes are better handled by the vestibular system
whereas the visual system mainly dominates in slow changes.
Both experiments investigated exclusions of the 150° × 34° visual field
covered by the full-view display. Two out of the three more relevant measures in Experiment 1 showed that a significant decrease in display effectiveness occurred only if a central field more than 20° × 20° was omitted. The
third measure, translational y, was more sensitive and showed that even an
area of 10° × 10° decreased the effects. The y-translation results of Experiment 2 indicated similar results in that the central field reductions of both
20° × 20° and 30° × 30° decreased display effectiveness. Experiment 2 also
showed that the peripheral field could be reduced from 150° to 105° without
a significant reduction of its effects on SO, whereas the reduction to 45°
induced significantly less sway. Furthermore, rotational x of Experiment 2
showed an interaction between central and peripheral fields, indicating that
the horizontal fields of 150° and 105°, with no reduction of visual flow in
the central field, both generated greater effects than did any of the other central/horizontal field combinations. Thus, the overall pattern reveals lower
effects on postural sway with large parts of the central field omitted. The
tendency is that of a linear trend; the larger the omitted field the smaller the
effects on postural sway. This is mainly in accordance with the view of the
ambient system emphasizing area dependence over location dependence
(e.g. Gillingham & Previc, 1993). However, the overall results indicate that
with a central field omitted of up to 20° × 20° the effects may not be reduced
or reduced only moderately. In addition, the peripheral visual flow with the
horizontal field sizes of 150° and 105° generated comparable magnitudes of
sway.
The rotational x measure may be seen as a parallel to the OKCR observed
during flight (Patterson et al., 1997).30 Whereas the OKCR expresses itself as
a lateral tilt of the head during aircraft rolls in VMC, the head maintains
alignment with the vertical axis of the aircraft in IMC. It can be taken as an
indication of how little the flight instruments and displays trigger sensory
reflexes of the SO mechanism because the eliciting factor seems to be the
perception of the true horizon and not horizon symbology (Ercoline et al.,
2004; Liggett, 2003; Previc, 2004a). The OKCR may therefore be related to
shifts in frames of reference between IMC and VMC (Johnson & Roscoe,
1972), with the spatial frame of reference lying outside the aircraft in VMC
but inside the aircraft in IMC. Rotational x in Experiment 1 demonstrated

30

The rotational x measure is based on the angular lateral motion of the head and is the mean
angular change of the head laterally. However, this measure does not discriminate between
tilting only the head and a head tilt with various degrees of accompanying body movement.
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higher levels of head-tilt effects with the visual flow of forward motion in
roll maneuvers, and these effects were at about equal levels in Experiment 2.
For example, an HMD system with presentation of predominantly peripheral visual flow with horizon and added conformal horizon symbology in the
central visual field may perhaps “trigger the same sensory reflexes in IMC
flight, as do occur with visual flight conditions” (Patterson et al., 1997, p.
470). The effects of this would probably be lowered mental workload and
improved spatial awareness, as described by the qualitative model of SO and
discussion of HMD design in Patterson et al. (1997). However, current flight
display technology has not reached the capability of utilizing presentations
with really large or wide fields of view. One intermediate HMD solution
involves using three separate fields of view, or display surfaces, and adapting display characteristics to the properties of the visual system. Presenting
information of lower spatial resolution in the peripheral visual field could
lower the demand on display technology. For example, Kappé et al. (1999)
showed that this display strategy resulted in a positive effect on car-driving
performance and SO in that it was as effective as a wide-field display with
high spatial resolution of the whole image. Thus, dynamic peripheral displays with lower spatial resolution, or decreasing spatial resolution with
increasing eccentricities, could effectively mediate information of the horizon and the spatial surroundings to ambient vision and improve SO in IMC.
However, to anchor the display perceptually in the external world, it is critically important to achieve perceptual stability by presenting images at their
correct positions in the optic array (Gibson, 1950; Kappé, 1997). That is, if
the display is presented as an HMD, then the head movements must be precisely compensated for to maintain a stable frame of reference (i.e. the images have to be rapidly updated with high-resolution repositioning). Otherwise, the display will not be perceived as reflecting the outside world but as
being anchored to the head of the pilot. This is important in terms of making
the visual proprioception of the display resonate with the somatosensorydetermined proprioception. If the display is presented as a HUD then the
movements not only of the aircraft but also the pilot should result in the visual transformations of the depicted external visual flow that normally accompany those movements. In other words, the pilot’s changing perspective
of the presented synthetic environment should be compensated for in the
images, as when one looks through a window at different viewpoints and the
occlusion of the outside environment differs. There is otherwise a risk that
the display will be perceived as being anchored to the cockpit rather than to
the outside world.
A visual flow display including peripheral vision is intended to be backed
up with more traditional attitude information in the central visual field. The
essence of the possible effectiveness of a visual flow display is that it has the
potential to be in resonance with the SO mechanism and trigger sensory re-

69

flexes critical for SO, reinforce traditional attitude information for maneuvering, and capture pilot attention when reaching critical aircraft attitudes.

Study II
Based on the general methods and research questions of Study I, Study II
further investigated the effectiveness of synthetic visual flow in determining
SO. Accordingly, within the methodological framework of using postural
responses as measures of display effectiveness, also this study investigated
the effects of presented visual flow, display omissions in the central visual
field, and display extensions into the visual periphery. A primary focus of
the experiments was whether the flow in the central field could be reduced to
a single horizon line.
It may be advantageous to exclude the central visual field from visual
flow presentation because it could interfere with other information. Attitude
information for central vision is presented on HUDs and HMDs, and it
would be possible to combine peripheral visual flow with more conventional
attitude information in the central visual field. An increased field of view
employing peripheral vision may enhance the visual displays and improve
the support of pilot SO (e.g. Leibowitz, 1988), but mainly because of the
constraints for flight displays technology suggestions of display designs
naturally emphasize central vision and directed attention (e.g. Amelink,
Mulder, van Paassen, & Flach, 2005; Flach, 1999; Previc & Ercoline, 1999;
Wickens et al., 2007). The Malcolm Horizon utilizing gyro-stabilized laserlight projection and the Background Attitude Indicator on HDDs are exceptions (Comstock et al., 2003; Gawron & Knotts, 1984; Liggett et al., 1999;
Malcolm, 1984). Still, HUDs and HMDs that allow presentation in the wider
peripheral visual field are yet to be realized. In general, however, simply
because of the advancement of display technology it is relevant to investigate the fundamentals for a large field-of-view display design. For example,
Tulis et al. (2001) described the US Air Force aims for flight-displays as
involving “the excitation of peripheral vision cues for horizontal viewing
fields greater than about 100 degrees and the opportunity to present integrated display formats” (Tulis et al., 2001, p. 11).
The ambient visual system is primarily in resonance with motion elements grouped over larger areas, as with locomotion generated visual flow.
An illustrative indication of visual flow effectiveness is that one ought to
hold onto something unless desired to lose balance when standing in a dome
flight-simulator with fixed platform and viewing a flight maneuver visually
represented as a ‘roll movement of the ground.’ Despite having stable
ground beneath the feet, it is difficult to maintain posture and balance when
viewing this coherent visual motion of the synthetic ground. Thus, a wide
field-of-view HMD or HUD could present a synthetic visual flow to sup70

press erroneous SO, and may perhaps also contribute to triggering SO reflexes such as an OKCR (e.g. Lessard et al., 2000a; Patterson et al., 1997).
However, ambient visual inputs mainly contribute to our SO system by
sustained signals of low frequency (Previc, 2004a). Thus, especially with an
agile aircraft, effective transfer of visual information for controlling the
high-frequency motions is difficult (e.g. Bles, 2004). One can nevertheless
contend that vision plays an undoubted critical role for SO during flight and
that the need and potential for better visual displays remain. One tentative
suggestion for achieving improved display effectiveness is to aim for an
improved support of SO by making the visual display resonate with the SO
mechanism in combination with presenting symbology that effectively conveys integrated information of pitch, roll, and yaw.
In Study II, based on the results of two experiments pertaining to visual
flow resonance with the SO mechanism, the key concepts for an operational
HUD symbology are applied to a display format that integrates synthetic
visual flow.

General methods
The simulations were run on four Dell PCs, interconnected through a 100
Mb/s network hub, and presented on three 21” Dell computer monitors. Each
monitor had a spatial resolution of 1280 × 960 pixels and a refresh rate of 75
Hz. 3D head position data were registered at 75 Hz measured by an Intersense IS-600 Mark 2 Plus head-tracker system. A height-adjustable bench
was used as support for the monitors. The computer monitors were positioned and adjusted to provide a full-view display configuration, covering an
integrated visual field of 153° horizontally by 34° vertically. The horizontal
field size included gaps of 9° between screens. (See Figure 13 for a comparison of horizontal fields of Study I and Study II.) The basis for the visual
stimuli was a flat landscape of white rectangles distributed on a black ground
towards a clearly defined horizon. This virtual world consisted of 200 × 200
identical square units, each of which contained three white rectangles as
texture elements against the black background. The geometrical viewing
perspective was set at a presented depth of 400 units and at an altitude of 0.8
square units above ground. The viewing perspective with increasing texture
element density towards the horizon is illustrated in Figure 21.
From the head-tracker registrations of 3D head position, three measures of
postural responses were calculated: (1) translational in the x-dimension, (2)
translational in the y-dimension, and (3) rotational around x-axis. (See Study
I.) Mean change of head position in each 4.5 s roll sequence was computed
for each measure. Thus, this mean represented the postural change in each
roll maneuver. For reference measures, each participant’s postural change
was measured during a control stimulus presentation before and after the
experiment proper. This control stimulus was presented on the central dis71

play and consisted of only the fixation symbol, a horizon-line 20° or 30°
wide in horizontal position, and vertical aperture lines. The aperture lines are
illustrated in Figure 21. The control stimulus included the roll maneuver
performed four times, with a time separation between each.
After adjusting the equipment and briefly instructing the participant about
the experiment, he or she was told to be positioned in the sharpened Romberg stance (see Study I). The participant continuously fixated a symbol in
the center of the display and remained in the stance while keeping as still as
possible during trials. To ensure eye-level positioning of the horizon, the
height of the display configuration and the distances from observer’s eyes to
display surfaces were adjusted before each presentation session. The room
was darkened during presentation sessions, and the room was lit up in between for about 2-3 min when the participant relaxed and rested.

Figure 21. A front view of one of the display configurations that shows the central field
omission of 20°×34° with added horizon-line.

Experiment 1
The results of Study I showed the visual flow from forward ego-motion embedded in rolls had greater impact than rolls with no embedded forward motion. Thus, this ‘flight-adapted’ visual flow enhanced the display as demonstrated by clearly greater postural sway. The results also indicated that the
used 150° × 34° (horizontal by vertical) full-view display could be reduced
to 105° × 34° without significantly reducing the effects, whereas a reduction
to 45° × 34° induced significantly less sway. As compared to full central
field presentation, the exclusion of a display area of up to 20° × 20° in the
central visual field either caused significantly reduced effects or not. However, horizon-line information in the central field could perhaps contribute to
the peripherally presented horizon orientation and to the integration of the
peripheral visual flow. Thus, Experiment 1 primarily investigated effects of
adding a conformal horizon-line to an otherwise blank central field while
peripheral visual flow was presented. In addition, the effects of visual flow
velocities and display extensions into the visual periphery were once again
explored.

72

Design
The experiment had a 3 × 3 × 5 factorial within subjects design, including
three conditions of simulated forward velocity, three display extensions of
the horizontal field, and five display conditions in the central visual field.
The horizontal field sizes were 153°, 108°, and 45°. The five central display
conditions all included a fixation symbol in the center, and incorporated a
flow exclusion area of either a 20° × 34° or a 30° × 34° with no information
presented, a 20° × 34° or a 30° × 34° with a horizon-line, and a central fullview flow (no omission). Thus, this gave fifteen combinations of peripheral
and central display conditions, and Figure 21 illustrates one of these combinations. Each of the 15 display conditions included three blocks of roll maneuver trials. The three blocks of trials included the forward velocity conditions, and both beginning- and end-blocks had no simulated forward velocity. In between, rolls were combined with a high forward velocity. The high
velocity corresponded to 24 white rectangles passing by per second. Each
roll maneuver involved a 4.5 s sequence: a 20° roll from horizontal reached
in 0.8 s (25°/s roll), maintaining reached roll position for 2.9 s, and rollreversal thereafter with same velocity. (Roll position of 20° is illustrated in
Figure 21.) Between roll maneuvers, horizontal position was maintained for
4.5 s. The control stimulus used for the reference measures was a horizonline 20° wide in horizontal position.
Participants were 16 paid undergraduate students, with the mean age of
24.6 years (range: 21-32). They were naïve about the purpose of experimental manipulations and had no prior experience of the specific stimuli. All had
normal or corrected-to-normal vision.
Results
Repeated measures ANOVAs were applied to the means of the three measures of postural instability. Every analysis included 45 means (3 × 3 × 5 = 45
conditions) for each participant, with each mean calculated from the four
trials of roll maneuver in each condition.
x-translation (cm). No significant effects.
y-translation (cm). The ANOVA of the means of translation in the ydimension showed a main effect of forward velocity, F(2, 30) = 63.57, p<
.0001. There was interaction effects of horizontal field extension and forward velocity, F(4, 60) = 7.22, p< .001, and central field exclusion and forward velocity, F(8, 120) = 3.71, p< .01., with no other significant effects.
Figure 22 illustrates the interaction effect of horizontal field by forward velocity. Simulated high forward velocity generated greater translation in the ydimension for each of the horizontal fields of 153°, 108°, and 45°, as shown
by a Tukey’s HSD test. For 153°, there was greater y-translation with high
forward velocity compared to the conditions of no forward velocity at beginning (p< .001) and end (p< .001). The y-translation was greater for 108° with
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forward velocity than no forward velocity at beginning (p< .001) and end
(p< .001), and it was greater for 45° with forward velocity than no forward
velocity at beginning (p< .001) and end (p< .01). Tukey’s HSD test showed
that at forward velocity the full-view had greater y-translation than the 45°
view (p< .001) but was not significantly different to the 108° view.
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Figure 22. The interaction effect of horizontal field size and forward velocity on translational y, with reference measures (Ref) taken before and after sessions. Means are shown
with +SE or -SE.

The interaction effect of central field by forward velocity is illustrated in
Figure 23. Another Tukey’s HSD test revealed that for all the conditions of
exclusion of central field, forward velocity showed higher means of ytranslation compared to each corresponding condition of no forward velocity. At forward velocity, central full-view generated greater y-translation
than no forward velocity at beginning (p< .001) and at end (p< .001). For
20° omitted central field it was greater than at beginning (p< .001) and end
(p< .025). For 20° with added horizon-line (0.77) it was greater than at the
beginning (p< .0001) and end (p< .0001). For 30° it was greater than at beginning (p< .001) and end (p< .001), and for 30° with horizon-line it was
greater than at beginning (p< .001) and end (p< .025). In addition, at forward
velocity the central full-view showed greater y-translation than the 20° omission (p< .01) and the 30° with horizon-line (p< .025), respectively, but
showed no significant difference to 20° with horizon-line and 30°, respectively.
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Figure 23. The interaction effect of central field and forward velocity on translational y, with
the reference measures (Ref). Means with +SE or -SE.

x-rotation (degrees). The means of lateral head-tilts showed a main effect
of forward velocity, F(2, 30) = 16.71, p< .0001, and an interaction effect of
central field exclusion and forward velocity, F(2, 120) = 4.43, p< .01, with
no other significant effects. Tukey’s HSD test revealed that only the central
full-view and the 20° central field omission with added horizon-line had
higher means of x-rotation at forward velocity compared to each corresponding condition of no forward velocity at the beginning- (p< .01, and p< .01,
respectively) and end-blocks (p< .001, and p< .01, respectively). The comparisons with the central full-view at forward velocity showed lower means
of x-rotation for central field omissions of 20° (p< .01) and 30° with horizonline (p< .025), but showed no significant difference compared to omissions
of 20° with added horizon-line and 30°.
Conclusions
In summary, translational y indicated that the effect was greater with the
visual flow of the simulated forward motion as compared to rolls with no
embedded forward motion, for each of the three extensions of the horizontal
visual field and for each of the five central field conditions. The results also
indicated that a reduction of the horizontal field from 153° to 45° decreased
y-translation significantly, but not a reduction to 108° (n.s.). Furthermore,
rotational x showed that only the full central view and the 20° omitted field
with added horizon-line induced greater lateral head tilts with the forward
motion compared with no forward motion. Only the central fields that omit75

ted 20° with no horizon-line and 30° with horizon-line resulted in decreased
effects compared to central full-view, as indicated by both y-translation and
x-rotation. As indicated by Figures 22 and 23, the horizon-line control stimulus showed low effects comparable to the low effects of the conditions with
no forward velocity.

Experiment 2
The results of Experiment 1 essentially replicated the effects of Study I.
Rotational x also showed that only the full central view and the 20° central
field with added horizon-line induced greater lateral head tilts with the forward motion embedded in roll maneuvers. This effect was further investigated in Experiment 2, which also included manipulation of gaps between
the screens.
Design
The experimental design was a 2 × 4 × 3 factorial within subjects, including
2 conditions of horizontal separation between screens, 4 central field conditions, and 3 forward velocity conditions. The horizontal separations of
screens were 9° and 16.5° on either side of the central screen, of which the
9° separation is shown in Figure 21. The four central fields included a fullview presentation, a 30° × 34° excluded area (with only fixation symbol), the
excluded central area with a horizon-line, and the excluded central area with
horizon-line and straight perspective lines vertically and horizontally beneath the horizon. The perspective lines formed a checkerboard texture type,
indicating splay and depression angles (cf. Flach & Warren, 1995b), and
while moving with the rotational motion of rolls they were always static
regarding the forward motion. The three forward velocities, allocation of
blocks of trials, and roll velocity and roll sequence were the same as in Experiment 1, however with each of the eight display combinations of horizontal gap and central field conditions presented at separate sessions. Reference
measures were obtained before and after experiment proper with a control
stimulus in the same way as in Experiment 1, but with the difference that the
horizon-line was 30° wide in horizontal position.
Sixteen paid undergraduate students with a mean age of 25.1 years (range:
22-30) participated. They had no prior experience of the specific stimuli,
were naïve about the purpose of experimental manipulations, and had normal
or corrected-to-normal vision.
Results
Repeated measures ANOVAs were applied to the means of the three measures of postural responses. Every analysis include 24 means (2 × 4 × 3 = 24
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conditions) for each participant, with each mean calculated from the four
trials of roll maneuver in each condition.
x-translation (cm). The ANOVA of the individual means of translation in
the x-dimension showed a main effect of flow velocity, F(2, 30) = 5.89, p<
.025, and no other significant effects. The Tukey’s HSD test showed that
high forward velocity had an effect of greater x-translation than no forward
velocity at end (p< .01), but not greater than no forward velocity at beginning (n.s.).
y-translation (cm). There were main effects of horizontal gap, F(1, 15) =
6.73, p< .025, central field, F(3, 45) = 6.80, p< .01, and flow velocity, F(2,
30) = 25.59, p< .0001. The smaller horizontal gap of 18° (9° on both sides)
showed greater y-translation compared to the gap of 33° (16.5° x 2). The
significant main effect of flow velocity was explained by a Tukey’s HSD
test showing higher means of y-translation with high forward velocity compared to no forward velocity at beginning (p< .001) and at end (p< .001),
respectively. See Figure 24.
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Figure 24. The main effects of forward velocity on translational x and y, together with the
reference measures (Ref). Means +SE or -SE.

The significant main effect of central field conditions: Tukey’s HSD test
showed that compared to the central full-view both the 30° omitted central
field and the 30° omission with horizon-line and perspective lines had lower
Y-translation, both with p< .01. The comparison between central full-view
and 30° omission with added horizon-line was not significant.
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x-rotation (degrees). ANOVA of the x-rotation means showed a main effect of horizontal gap, F(1, 15) = 5.10, p< .05, with greater x-rotation with
the smaller horizontal gap of 18° compared to the gap of 33°. There were
also main effects of central field, F(3, 45) = 3.91, p< .05, and flow velocity,
F(2, 30) = 5.43, p< .025. Tukey’s HSD tests: Greater x-rotation with high
forward velocity compared to no forward velocity at end (p< .01), and the
central full-view showed greater x-rotation than with the 30° omitted field
(p< .025). No other central field comparison was significant. The group
means with the central field conditions are illustrated in Figure 25.
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Figure 25. The main effect of central field on rotational x, with the reference measures
(Ref). 30°H and 30°H+PL refer to field omissions with added horizon-line and horizon-line +
perspective lines, respectively. Means +SE or -SE.

Conclusions
Overall, the results of Experiment 2 mainly corroborated the enhanced effect
of visual flow on postural sway in Experiment 1, as reflected by y-translation
and x-rotation. The omitted central field of 30° with added horizon-line also
kept effects at relatively high levels for both y-translation and x-rotation. The
greater separation of peripheral screens from the central screen generated
decreased display effectiveness. The horizon-line control stimulus showed
low effects.

Discussion
The visual flow of forward ego-motion enhanced the display effectiveness in
both experiments. A horizontal field size of 108° also kept display effective78

ness at relatively high levels in Experiment 1. This mainly replicated the
effects of Study I. In Experiment 1 the interaction effect of central field condition and flow velocity for the measure rotational x showed that only the
full central view and the 20° central field with added horizon-line induced
greater lateral head tilts with the forward motion. This may be taken as an
indication of that the horizon-line information may contribute to the peripherally presented visual flow. Further, both the 20° (Experiment 1) and the
30° (Experiment 2) central fields with added horizon-lines showed no significant differences to full-view central fields with visual flow.
It may imply that synthetic peripheral visual flow and flight symbology in
central visual field may be sufficient to trigger the OKCR and reduce or
counteract an SGI. The HUD symbology of the Gripen fighter aircraft is
congruent with an integration of synthetic visual flow, and the application of
the experimental results pertains primarily to two extracted basic guidelines.
First, as compared to a horizontal field of view of about 150° it may be sufficient to utilize one around 100°. Second, a central field width of 20° to 30°
may be omitted from visual flow presentation. Figure 26 illustrates a wide
field-of-view format of the Gripen HUD, and Figure 27 shows a flight sequence with an IMC mode that includes peripheral visual flow.

Figure 26. A wide field-of-view design of the Gripen HUD symbology during good visual
conditions, in horizontal flight below and in a rolled climb at the top.
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Figure 27. Peripheral visual flow integrated with Gripen HUD symbology for situations with
degraded visual conditions. Shown is a flight sequence from pitch-down (below) to pitch-up
(top) with horizontal flight in between.

The wide field-of-view design of this operational HUD symbology seems
to have two major advantages. First, the inclusion of peripheral vision may
support maneuvering and SO more efficiently in both VMC and IMC. It may
provide improved and instant attitude awareness by the wide field of view of
integrated pitch, roll, and yaw information. Second, peripheral visual flow is
integrated into the Gripen symbology in a geometrically correct configuration to enhance support of SO in visually impoverished conditions. This
display design may generate an accurate and compelling perception of the
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reference frame of the external world. Implemented in future head-up flight
display systems, it may perhaps contribute to reinforcing the pilot in the loop
with an enhanced SO for combating SD.

Study III
A human centrifuge was used in Study III to investigate the impact of synthetic visual flow on the non-visual illusion of body orientation – the SGI of
pitch-up. Two experiments were conducted in the acceleration environment
of the centrifuge, in which mainly the two following research questions were
scrutinized. Can synthetic visual flow reduce the primarily otolith-dependent
SGI of pitch-up? If so, is synthetic visual flow more effective in reducing the
illusion than the visual scene without the visual flow? The participants in the
experiments were non-pilots, primarily because the SGI has proven to be
especially difficult to reduce in non-pilots in experimental settings with synthetic visual presentations (e.g. Previc, 2004a).
The otoliths of the vestibular system cannot distinguish between the force
of gravity and inertial forces caused by linear accelerations. Pilots may
therefore experience an erroneous backward tilt during forward acceleration
of the airborne aircraft, and this SGI occurs because the perceived vertical is
largely determined by the resultant GIF vector of the inertial force and gravity (Cheung, 2004a). If the pilot responds to the SGI by reducing the real
pitch attitude of the aircraft, it may eventually lead to a ground impact.
However, visual information from an out-the-window view of ground and
horizon normally override the illusion. The visual flow content in the outthe-window view is one important factor. A large field of view is a wellknown potent enhancement in this connection, and ambient or peripheral
vision has been stressed for its importance in maintaining SO (Benson, 2003;
Leibowitz, 1988; Malcolm, 1984). A display including peripheral vision
could incorporate a synthetic visual flow for combating pilot SD in low visibility. How plausible is it, however, that synthetic visual flow may affect the
forceful SGI?
Several studies have investigated the impact of visual information on the
SGI by using various visual presentations while changing the gravitoinertial
vector on motion platforms and in human centrifuges (Lessard et al., 2000a;
Previc et al., 1992; Tokumaru, Kaida, Ashida, Mizumoto, & Tatsuno, 1998),
or in devices allowing sub-threshold tilting of observers (MacNeilage, Berger, von der Heyde, Banks, & Bülthoff, 2003). These studies included visual
flow conditions, but only one reported a significant and convincing suppression effect of visual flow on the illusory pitch-up. In the study by Lessard et
al. (2000a), pilots demonstrated a visual dominance over the somatosensory
and vestibular systems. The illusion was completely counteracted by visual
flow scenes that included a stationary horizon presented on a display cover81

ing 114° horizontally and 58° vertically of the visual field. This effect might
be related to adaptive pooling processes of sensory signals from vision and
somatosensory and vestibular systems, used for separating inertial forces
from the force of gravity (e.g. MacNeilage et al., 2003). However, in the
non-pilot group visual flow scenes did not result in any reduction of the SGI.
Based on several unsuccessful attempts to break the illusion, Previc (2004a)
accordingly points to the particular resistance of the SGI in non-pilots, despite having used such a large field of view of 114° × 58° and nearly collimated scene images. It may thus suggest that there is a recalibration of the
pilot’s sensory system, resulting in a greater weighting of cues of visual horizon and visual flow (Cheung, 2004a; Lessard et al., 2000a).
Effectively reconstructing and optimizing visual information is primarily
a question of perceptual anchoring of the display presentation in the external
world (MacNeilage et al., 2003; Previc, 2004a). Although there are several
important issues to consider, the most fundamental ones have to do with cues
of the coupling and decoupling of ego-motion in the display presentation.
For example, if the display is mounted externally as with a HUD, then it may
be important to compensate for head movements by adjusting the perspective of the virtual presentation. That is, as when one looks through a window
from different points of view and the occlusion of the outside environment
differs. The synthetic presentation could otherwise be perceived as anchored
to the cockpit. Although differing in other relevant respects, Lessard et al.
(2000a), Tokumaru et al. (1998), and MacNeilage et al. (2003) all used an
external display and did not correct for the changing observer perspective.
Previc et al. (1992) used an HMD but did not have the technical means to
correct for the observer’s head movements. To avoid perceiving an HMD
presentation as anchored to the head, rapid and precise compensations of
even minor head movements should be made. If the visual flow scene is then
perceived as related to the external earth-fixed frame of reference, a major
improvement has been made in terms of the important aim to make the visual proprioception effectively dominant over the somatosensory determined
proprioception. In other words, the potential of the visual information to
override the SGI would then increase because of an attained normal function
of vision, and thus a more normal interaction of vision and somatosensory
and vestibular systems. The effect would then be similar to when the out-thewindow view of ground and horizon counteracts the SGI and in essence partitions the GIF into its gravity and inertial force components.
Along these lines, Study III included two experiments with a head-tracked
wide field-of-view HMD to convey visual presentation, a human centrifuge
for inducing GIFs, and non-pilots as subjects to investigate the intuitive impact of synthetic and simple visual flow scenes on the SGI.
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General methods
The 9.1-m radius Dynamic Flight Simulator (DFS) in Linköping, Sweden,
was used as a ‘fixed-chair’ human centrifuge. The 1.5-m radius gondola did
not move relative to the rotating centrifuge arm, and a custom-made insert in
the gondola positioned the subject in a fixed and normal-seated position
facing the center of rotation. Figure 28 shows the DFS.

Figure 28. The 9.1-m radius Dynamic Flight Simulator (DFS) with the spherical gondola
attached to the end of the centrifuge arm.

An HMD presented the visual scenes with a spatial resolution of 1280 ×
1024 pixels, and a visual field of 120° × 67° (horizontal by vertical) including a 40° × 67° stereo overlap. The visual scenes were created using a standard PC with a refresh rate of 60 Hz that was connected to the HMD in the
gondola via the slip rings of the DFS. A head-tracker registered head movement with a positional and angular accuracy of 0.7 mm and 0.5°, respectively. The computer used the head-tracker data to compensate for the head
movements in the visual presentation. A custom-made adjustable-plate system with a low-voltage DC motor and an angle encoder registered deviations
of the subjective horizontal from the gravitational horizontal of the earth
with a sampling frequency of 3 Hz and an angular accuracy higher than 0.1°
in the pitch-plane. G-load and subjective horizontal responses were collected
by a custom-made multichannel data acquisition system based on a Pentium
computer. An electrocardiography system was used for purpose of medical
supervision.
The HMD was fitted to the participant’s head and adjusted so that the image was sharp and the stereo presentation effective, and the vertical place83

ment of the synthetic visual horizon was adjusted to correspond to perceived
eye level at point of infinity. The adjustable-plate system was calibrated by
setting its horizontal with a spirit level before each experimental session.
The participant’s task was to indicate the subjective horizontal in the pitch
plane by continually adjusting the plate to the perceived horizontal. That is,
pitching the plate downwards from the gravitational horizontal indicated a
perceived pitch-up, and pitching the plate upwards indicated a perceived
pitch-down. The participant passively rested the right hand on the plate, and
the pitch position of the plate was adjusted via remote control by using the
left hand and pushing control box buttons. The participant was instructed to
avoid analytical reasoning about the perceptual experience and instead to
indicate the intuitively perceived horizontal. Prior to each trial, the centrifuge was brought to an idle rotation with angular speed close to zero. After
approximately 1 min at a steady idle speed, the centrifuge was accelerated in
accordance with the specified G-profile. Whereas the gondola was darkened
in all trials, the response device, hands, and gondola chair were always covered with a black cloth to exclude any possibility of visual cues of them.
The participants were informed about the experimental procedures and
protocol before giving consent to participate, and a test for stereoscopic vision was conducted followed by a brief medical examination. All subjects
were non-pilots and naïve about the purpose of the experimental manipulations. The Human Research Ethics Committee at Linköping University,
Sweden, approved the study.

Experiment 1
Design
In the darkened gondola surround, the subjects either viewed a darkened
HMD (no presentation), or a visual flow of simulated forward ego-motion
presented on the HMD. The experimental design was a 2 × 2 factorial within
subjects, including these two visual conditions each presented twice. The
visual flow defined a linearly increased forward acceleration at a constant
altitude of 10 m over a flat ground consisting of 112 white squares, each with
sides 31 m in size, randomly distributed with a mean density of 0.0283· m-2
and infinitely repeated. This presentation also included a green-colored fixation cross. It had a fixed position in front of the horizon-line, defined by stereo disparity to lie closer in depth to the subject than the horizon. The visual
scene was the same as shown in Figure 29 but without the latitude lines.
In all trials, the centrifuge was accelerated so that the centripetal force
was approximately linearly increased from near-zero to 0.57G in the ventrodorsal direction (+Gx) in 30 s. The final resultant GIF of 1.15G corresponds
to a 30° pitch-up. The tilt of the GIF vector thus increased approximately
linearly from near-zero to 30° in 30 s. The visual flow presentation started
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with a 10-s period with constant velocity of 103 m· s-1, followed by a linearly
increased acceleration during 30 s synchronized with the increasing GIF
vector and ending at an acceleration of 11.33 m· s-2 and a velocity of 273 m·
s-1. The derived linear acceleration profile of the visual flow was thus deliberately doubled compared to the linearly increased acceleration of 0 – 5.66
m· s-2 that is in correspondence to the centrifuge-defined acceleration increasing linearly from near-zero to 0.57Gx. This may increase the likelihood
of a visual flow effect because of increased texture flow, but should not result in a conflict between visual and vestibular cues because of the impossibility of an observer to scale the visual scene explicitly (Longuet-Higgins &
Prazdny, 1980; MacNeilage et al., 2003). Measurements of the subjective
horizontal commenced about 5 s before increasing the centrifuge acceleration from near-zero and ended about 5 s after reaching 0.57Gx.
There were 13 participants with a mean age of 25 years (range: 22 – 34).
Twelve had normal or corrected-to-normal vision, and one showed a stereovision defect.
Results
The difference between the subjective horizontal at the end and at the beginning of each trial (Δ) was computed for each participant. Each Δ-value is
based on the average difference between 10 responses at the end and beginning, respectively, corresponding to the last and the first 3 s of each trial. A
repeated measures ANOVA was applied to the Δ-values of the 2 (display) ×
2 (trial) design. The results showed a significant main effect of display condition on Δ-values, F(1,12) = 8.18, p< .025, MSe = 21.35, partial η2 = .40,
with no other significant effects. The mean SGI Δ-value was 12.4° (SE =
1.4) with no HMD presentation, and with the visual flow condition the mean
Δ-value was 8.7° (1.5).
Conclusions
The simple visual flow with horizon presented by an HMD and decoupled
from head-movement significantly reduced the SGI.

Experiment 2
Experiment 2 included three display conditions, in which one of them the
HMD was darkened. The two other display conditions were a static scene of
the horizon and the texture elements and this scene with added visual flow.
The visual flow of the texture elements of the scene depicted horizontal
flight with the accelerations corresponding to the centrifuge-defined accelerations. Because of theory and empirical findings in related fields (see the
introduction) and the results of Experiment 1, the hypotheses were that the
visual flow scene would reduce the SGI as compared with both the darkness
condition and the visual scene without visual flow.
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Design
The experimental design was a 3 × 2 × 3 factorial within subjects, including
the three display conditions each presented with two acceleration phases in
three trials for each participant. The visual scene was the textured ground
and horizon, occluded by green colored latitude lines similar to the sphere
concept of the HUD symbology of the Gripen fighter aircraft. A green fixation cross was also presented. The visual scene is illustrated in Figure 29.
Stereo disparity defined the position of the fixation cross as closer in depth
than the horizon, but beyond the latitude lines.

Figure 29. The visual scene presented by the head-mounted display (HMD) with stationary
horizon, textured ground, fixation cross, and sphere latitude lines similar to the Gripen HUD
symbology.

After being adjusted to perceived eye level the fixation cross was fixed to
the central part of the visual field for each participant during the experimental
session. It thus moved with the participant’s head while the ground, horizon,
and latitude lines were decoupled from head movements. It enabled the participant to keep a correct head position horizontally and vertically by overlaying the fixation cross on a smaller cross-mark on the horizon. This control of
head positioning was continuously monitored from the control room.
A simulated flight consisted of: constant velocity – linearly increased acceleration – constant acceleration – linearly decreased acceleration – constant velocity. In all trials, the centrifuge was in phase one accelerated from a
86

near-zero to 0.57Gx in 30 s (as in Experiment 1) and then maintained this
+Gx-level for 10 s. This was followed in phase two by a decrease in acceleration to near-zero in 30 s after which this near-zero Gx-level was maintained
for 10 s. Measurements of the subjective horizontal commenced about 5 s
before phase 1 and ended about 5 s after phase 2. Synchronized with the Gxprofile, the visual flow consisted of a 10-s period with constant velocity of
103 m· s-1, followed by a linear increase of acceleration during 30 s and
reaching 5.66 m· s-2. The 5.66 m· s-2 was then maintained for 10 s followed
by a linear decrease of acceleration for 30 s and reaching 0 m· s-2, in turn
followed by a 10-s period with an attained velocity of 328 m· s-1.
There were 12 participants with a mean age of 23 years (range: 20 – 28),
and all had normal or corrected-to-normal vision and showed normal stereoscopic vision.
Results
Together with the tilt of the resultant GIF vector, or calculated pitch-up,
Figure 30 shows the group means of the perceived horizontal with each visual condition as a function of time during the 80-s trials.
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Figure 30. The group means of perceived horizontal responses, expressed in degrees of
pitch-up, with each visual condition during the 80-s trials. The tilt of the resultant GIF vector
is also shown.

For each trial, Δ-values of the subjective horizontal were computed based
on the following. The average difference between 10 responses at the end
and beginning, respectively, of phase 1 beginning with near-zero accelera87

tion and ending after 10 s of constant acceleration, and the average difference between 10 responses at the beginning and end, respectively, of phase 2
beginning with linearly decreased acceleration and ending after 10 s of nearzero acceleration. Planned comparisons indicated a reduced SGI with the
visual flow scene compared both to no HMD presentation, F(1,11) = 5.56,
p< .05, MSe = 173.34, and to the static visual scene F(1,11) = 18.94, p< .01,
MSe = 28.80. Figure 31 shows the group means of Δ-values. For no HMD
presentation, the static presentation, and the visual flow, there were mean
SGI Δ-values of 14.5° (2.3), 13.3° (1.7), and 9.3° (1.8), respectively.
p < .05
p < .01
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Figure 31. The group means of pitch-up difference values, Δ-pitch-up in degrees, with
each visual condition. Means ±SE.

An overall analysis of variance was also performed. Because of a violated
sphericity assumption, a multivariate analysis of variance (MANOVA) was
applied to the Δ-values of the full 3 (display) × 2 (acceleration phase) × 3
(trial) design. The results showed a significant main effect of display condition, F(2,10) = 11.82, p< .01, partial η2 = .70, i.e., see above, with no other
significant effects.
Furthermore, to compare the two experiments an ANOVA was performed
with a mixed design including the visual flow and darkness conditions of
Experiment 1 and of the first acceleration phase of Experiment 2. We used
the means of each condition for each subject because of unequal number of
trials in Experiments 1 and 2. The display condition variable was treated as a
within-subjects factor (repeated measures) and group of subjects as a between-subjects factor, that is, the Experiment 1 group vs. the Experiment 2
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group. The results showed a significant main effect of display condition,
F(1,23) = 10.91, p< .01, partial η2 = .32, with no other significant effects.
Thus, the interaction of display condition and subject group was not significant, indicating no significant difference between the two experiments regarding the effects of visual flow and darkness conditions.
Conclusions
The display presentation with a visual flow scene reduced the SGI as compared to the darkness condition and the static scene condition, respectively.
Furthermore, in terms of effects of visual flow and darkness conditions there
was no significant difference between Experiments 1 and 2.

Discussion
The illusion of backward tilt increases gradually during centrifugation and it
probably takes tens of seconds at a 30° GIF tilt until it is fully developed
(Bos et al., 2003). In the study by Lessard et al. (2000a), the participants
were exposed to a GIF stimulus that was very similar to that of the present
experiments in that there was a gradually increasing force vector reaching
30° in 30 s. Their non-pilot group showed a pitch-up illusion in darkness that
was of approximately the same magnitude as in the present study. However,
there was no reduction of the illusion for the non-pilots with scenes including visual flow. In Experiment 1 of the present study, the group means of
perceived pitch-up revealed a 30% reduction of the illusion in the visual
flow condition. In Experiment 2, visual flow caused a 36% reduction in the
mean SGI as compared with the darkness condition.
Whereas Previc et al. (1992) noted that a single horizon line can be completely dominated by the perceived shift of the gravitoinertial vector, Tokumaru et al. (1998) found a significant reduction of the SGI with a horizon
line but not with visual flow. In the present study, a static scene not only
containing a horizon line was presented but also a textured ground occluded
by latitude lines, and it did not have any notable influence on the SGI. Although we used stereo presentation and decoupling from head movements,
the mean SGI was comparable to that of the darkness condition (Figure 31).
Thus, the addition of visual flow simulating forward ego-motion obviously
enhanced the efficiency of the display. Previc et al. (1992) did not have the
technical means to compensate for head movements and the visual scene was
perceived as “a basically level scene through a viewing “tunnel” that was
itself pitched up” (p. 1063), as indicated by most of the subjects’ selfreports. The negative findings of the visual flow in Tokumaru et al. (1998)
might be attributed to a similar percept. Besides not compensating for head
movements, they did not have any specific orientation information other than
FOE in their visual flow of constant velocity. The present results may under-
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line the importance of presenting the visual flow in conjunction with a horizon and with compensation for head movements.
Although the present results emphasize the possibility of reducing the SGI
in non-pilots, the greater part of the illusion was in fact still effective in both
experiments despite the presentations of the visual flow scenes. It underlines
both the forcefulness of the SGI and the importance of what visual information is reconstructed. Previc (2004a) lists five general requirements for visual
displays to recreate the ambient visual world, among which are head movement compensations and their quality. Another important requirement is the
optical or recreated physical distance. Although an HMD with stereoscopic
presentation was used in the present study, it can be considered that this
might not be enough. The generated visual scenes probably ought to be presented at optical infinity that exceeds the range of the stereoscopic presentation. Important, “as with real-world scenes, synthetically created scenes
must be perceived as lying outside the observer’s vehicle or frame of motion” (Previc, 2004a , p. 124). In this connection, it is also important to improve the quality of the used head movement compensations. Furthermore,
the accelerations in the simple visual flow scenes may not have been fully
reliable for separating the GIF vector into the earth gravity vector and the
centrifugal force. For example, the scale of the flow scenes was not explicitly perceived or known by the participant. Thus, the visual velocity information was ambiguous, and objects with known size must be incorporated to
establish the velocity and acceleration. In Experiment 1, the linear increase
of the acceleration was doubled compared to that used in Experiment 2. Still,
the visual flow had an impact on the SGI in both experiments, and the reduction in the illusion was of approximately the same magnitude. The analysis
contrasting the experiments also indicated a non-significant difference regarding the effects of visual flow and darkness. Thus, the effects suggest an
intuitive greater weighting of synthetic horizon orientation and visual flow in
the experience of the inertial force of acceleration.
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General Discussion

Summary
Main research questions and conclusions
In Studies I and II, three of the five main research questions were investigated with postural responses as indications of display effectiveness in affecting SO. The research questions concerned (1) whether perturbation of
SO is increased by the addition of visual flow of forward ego-motion to display presentations; (2) how efficient the employment of parts of the peripheral visual field is for this purpose; and (3) whether such visual flow displays
that stimulate only peripheral vision are as effective in perturbing SO as
those also including central vision.
Research question (1): In all four experiments of Studies I and II, the addition of visual flow of forward ego-motion in the displays showing roll
maneuvers increased perturbation of SO. The same visual scene without
visual flow of forward ego-motion undergoing the same roll maneuvers did
not affect postural sway in any evident way (Studies I and II), with its effects
at similar levels of only a horizon line in central visual field (Study II). Thus,
the presented synthetic visual flow of rather simple qualities can dominate
other sensory signals and determine SO. This is in support of the notion that
particularly locomotion-related visual flow can significantly affect the SO
establishing process and that it effectively supports the visually dependent
SO system.
Research question (2): Increasing the horizontal field of view from 45° to
105° and 150° in Study I, and to 108° and 153° in Study II, increased the
effects of the forward-motion visual flow on postural sway. Thus, the inclusion of large parts of the visual periphery is important for the display impact
on SO. In addition, whereas the increased stimulation of the visual periphery
from a width of 45° to about 105° increased the visual flow effectiveness,
there was no further effect at a width of about 150° (Studies I and II). As
investigated in Studies I and II, it may thus be sufficiently effective to stimulate the peripheral visual field by a horizontal field of view of about 105°.
Research question (3): Study I showed that omitting a central area from
the visual flow generally decreased the effects on postural responses.
Whereas the tendency was that the effects decreased with an increase of the
omitted central area, the effects were either not reduced or reduced with an
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omitted 20° × 20° central field of view. The results of Study II also indicated
that omitting parts of the central field from the visual flow did not always
reduce the effects. The results are thus inconclusive. In addition, whereas the
results of Study II may imply that the effects of peripheral visual flow can be
enhanced if conformal horizon symbology is added in central visual field
this needs further investigation.31
Taken together, the results pertaining to research questions (2) and (3) are
not entirely consistent with a view claiming area- over location-dependence
of visual stimulation (i.e. size-dependent vs. peripheral-vision-dependent).
Although the support may instead be in favor of a view emphasizing the
importance of peripheral vision, the results are nevertheless inconclusive.
In Study III, a human centrifuge was used to investigate (4) whether synthetic visual flow can reduce a spatial illusion primarily caused by erroneous
vestibular information, and (5) whether it is more effective in reducing the
illusion than a display presentation without visual flow.
Research question (4): Both experiments of Study III revealed reduced
SGI of pitch-up through presentation of the synthetic visual flow. It is thus
concluded that the visual flow can reduce this forceful SD illusion. The fact
that the scale of the visual flow scenes could not be perceived, and was not
known, together with that all of the participants were non-pilots strengthen
the notion of the intuitive impact of visual flow.
Research question (5): The results of Experiment 2 in Study III showed a
significant difference between the two visual scenes in their effects on the
illusion of pitch-up. The visual flow scene not only reduced the SGI compared to the darkness condition but also compared to the visual scene without visual flow. Thus, similar to the conclusion from research question (1),
synthetic visual flow can significantly affect the establishment of SO and
supports the visually dependent SO system in an essential manner.

Comments on methods and measures
Using postural responses for indicating display effectiveness as methodological framework made it possible to investigate the more direct and intuitive impact of display presentation on SO. The levels of induced effects,
however, were rather low in general. That is, by using (artificially) pure roll
maneuvers as visual stimuli, and not banking maneuvers, for example, together with measures of the mean change of head movement, and not peaks
of change, for example, probably caused effects and measures of them to be
at rather low levels. Both the stimuli and the measures may thus have contributed to conservative indications of impact on SO, and the indicated effects may have been at too low levels for all of the research questions to be
31

Particularly the suggested wide field of view of the Gripen HUD symbology with synthetic
peripheral visual flow should be considered for further investigation.
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satisfactorily answered. Nevertheless, the relative importance of the main
visual determinants for SO was still retrieved. One indication of this is the
similar effects of no forward ego-motion vs. visual flow of forward egomotion in the experiments with postural control compared to Experiment 2
in Study III.
Although the measure rotational x is based on the angular lateral motion
of the head, it does not discriminate between tilting only the head and a head
tilt with accompanying body movement. It therefore incorporates both pure
head tilt and body sway with head tilt. The comparison with an OKCR in
flight is therefore not entirely analogous because the OKCR is a lateral head
tilt making the head axis deviate from body axis. However, the pilot is sitting
in the flight situation and the participant is standing during measurement of
postural responses. Because the constraints on body movement thus are
much less in a standing posture, the two situations may reflect the same vestibulospinal reflexes triggered by ambient visual scenes. It is thus possible
that rotational x is more or less analogous to the OKCR in flight.
The method for indicating perceived horizontal orientation can influence
the produced actual horizontal orientation. Primarily because of the (potential) impact of inertial force on the somatosensory system, it may be considered that it would have been better to use a visual indicator for the production of perceived horizontal orientation. First, this would have entailed a risk
that the participants would be prone to match the indication of perceived
horizontal with the presented horizon. Second, although the acceleration
force presses the participant back into the seat, in accordance with vestibular
cues, the maximum acceleration force was 0.57Gx (total GIF of 1.15G) that
should have no significant effect on limb- or hand-movement. In addition, no
large limb- or hand-movements were used. The participant used the right
hand as sensor of orientation placed on the plate-device and the left hand for
pushing control-buttons to drive the plate-device. Third, there were no effects of trials in Experiments 1 and 2. This indicates stable performances of
horizontal orientation productions over trials. Fourth, the means of the SGI
in darkness in Experiments 1 and 2 were very similar to the non-pilots’ mean
pitch-up illusion in darkness reported by Lessard et al. (2000a) although they
used a different production method (i.e. indicating the direction of down
with a down-pointer).

Final Remarks
A real view of ground and horizon normally can be enough to overcome or
significantly reduce SD, whereas many illusions at night or in bad weather
conditions are handled by referring to and acting upon the flight instruments.
SD accidents especially in IMC could thus be claimed to be roughly contingent on the pilot’s inefficient or erroneous procedures for using the informa93

tion presented by instruments and displays that normally contributes to handling spatial illusions. Another approach instead emphasizes that the flight
instruments and displays are not sufficiently effective and efficient in supporting SO and appropriate control actions.
To fly by synthetic visual flow and horizon with a superimposed aircraft
symbol as flight-path marker entails a direct and continuous visual feedback
of the manual operations. It may thus include a triggered mode of vision for
action with the aircraft symbol as the ‘target object’ manually acted upon in
the context of visual flow and horizon. Both the ventral and dorsal cortical
pathways of visual processing would probably be involved and one would
expect a further reduced SGI in this active piloting mode (cf. Milner &
Goodale, 2008). (The visual flow scene in Lessard et al. (2000a) also completely counteracted the SGI in the pilots.) In other words, synthetic visual
flow may provide a more appropriate basis for supporting SO and the control
actions. The results may be a triggered vision for action and sensory reflexes
important for SO, including an improved suppression of many SD illusions.
It may thus also have a reduction-effect on control-reversal errors. This is
not to mean that a wide field-of-view visual flow display would in itself
invoke an improved aircraft maneuvering in low visibility, but combined
with the right kind of display symbology it would strengthen both unconscious processing of SO and maneuvering. In particular, the reference frame
of the Gripen HUD symbology as enhanced by synthetic visual flow may at
least render it more difficult to experience unrecognized SD (Type I) and
easier to handle the occurrences of recognized SD (Type II).
The visual flow generated during flight can though be deceptive in several
ways (e.g. Flach, Junaid, & Warren, 2004; Flach & Warren, 1995a; Palmisano & Gillam, 2005; Previc, 2004b). Perhaps most relevant in this connection is that a pilot must “refer to the instrument displays in both good and
bad weather conditions in order to fly the aircraft safely” (Ercoline et al.
2004, p. 382) in that air speed and altitude are difficult to extract from perceiving the outside world or an artificial visual flow. This is most important
during low-level flight to avoid CFIT. The Gripen avionics system includes
these flight parameters. In addition, whereas an automatic system of ground
collision avoidance will complement the speech and visual ground proximity
warning the sound rate of the stall warning enhances the pilot’s proactive
performance by indicating the stall margin. Furthermore, especially with a
wide field-of-view design, the sphere concept of the Gripen HUD symbology also seems suitable for combining it with 3D audio and tactile displays
(e.g. Eriksson et al., 2006b; Small et al., 2004; van Erp et al., 2007; Veltman
et al., 2004). It may thus support the integration of intuitive multisensory
displays that may be used for the support of SO.
Among several things, it nevertheless remains to be established to what
extent synthetic visual flow displays may aid the pilot, whether they can be
used without distracting from other important sources of information, and
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whether motion sickness may be critical. Most fundamental, however, is
whether flight displays technology allows for implementation of wide fieldof-view visual flow displays in the near future.
Synthetic vision displays or systems that support navigation, SO, and maneuvering already exist (e.g. Bolton & Bass, 2008; Prinzel & Wickens, 2009;
Theunissen, Roefs, & Etherington, 2009; see also Andersson & Romare,
1999, Stensson, 1998, and Tordenlid, 1998, for early quite similar approaches). These systems typically use computer-generated imagery from
databases of terrain and obstacles and global positioning system data to represent the environment in the form of a clear-day view in front of the aircraft. The further development of synthetic vision systems indeed seems to
be a promising path towards increased flight safety. Although the concept of
a visual flow display in this thesis may deviate from the concept of a synthetic vision system, they can be complementary for the combating of pilot
SD. For example, using a synthetic vision system in central visual field with
overlaid Gripen symbology and combined with synthetic peripheral visual
flow is perhaps an interesting thought.
It is not entirely easy to predict where the development of flight displays
will take us. The most relevant questions for future aviation, however, may
not only be what, when, and how to automate, but also whether we want to
automate the aviator out of the aircraft or not. With the aviator in the control
loop, some types of synthetic visual flow displays may be advantageous.
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