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PREFACE

This document constitutes the proceedings of the Aircraft Attitude
Awareness Workshop Jjointly sponsored by the Air Force Wright Aeronautical
Laboratory Crew Svstem Development Branch (AFWAL/FIGR)., and the Aeronautical
Zquipment Life Support Svstems Program Office (ASD/AES).

Attendance Included over 200 invitees representing the following:

Government: Civilian and military employees of the Canadian Forces,
NASA, Roval Air Force., USAF, USMC. arnd USYN.

Induscry:

Aicframers: Douglas AC, GD, Grumman, Lockheed, Mac Air, MNorchrop,
Rockwell Internatioral.

Avionics: CAEZ Electronics, Ferranti, Garrett, GEC-Avionics,
Hughes, J.E.T. Electronics, Kaiser Electronics, Lear-
Siegler, Rank, Raytheon, Smiths Industries, Sperry,
Sundstrand, Texas Instruments.

Other: Analvcics, Batelle Labs, Burnesst Engineering,
Calspan, Condra Aviation, Crew Systems, Env. Res.
Institute of Michigan, Gehring Assoclates, John
Sheets Designs, Maltech Research Corporation,
McCauley-Brown, Perceptual Dynamics Research, Systems
Research Lab, Vistech, Watkins Association.

Universities: ©New Mexico State, Ohlio State, Penn State, UCLA, Wisconsin,
Wright State.
We would 1like to take this opportunity to thank the following people
whose support was so essential to the success of this workshop:

Mr. Frank Scarpino, AFWAL/FIG, who funded most of the conference.

Dr. Tom Furness, AAMRL/HEA, who funded several of our speakers and who
spoke himself.

Mr. Pete Lovering, Midwest Systems Research, who provided astute
guidance, handled many of the arrangements, and participated as a
speaker.,
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Ms. Evelyn Bailey, Dr. McNaughton's secretary, who handled many of the
arrangements before and during the workshop, then palnstakingly
transcribed tape recordings of the sessions for these proceedings.
Her contributions were truly monumental.

Ms. Kathrvyn Sinkwitz, Mr. Augustine's secretary, who ably shared pre-
conference arrangements with Ms. Bailey.

we would also like to thank Ms. Andre2a Brown for her talented effor:ts in
preparing the final manuscript.

wWilliam Augustine
AFWAL/FIGR

and
Grant B. McNaughton
COL USAF (MC) CFsS

ASD/AESA
Wright-Patterson AFB, Ohio

1 August 1986
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INTRODUCTION AND SUMMARY

Several of our newer state-of-the-art fighter-attack alrcraft, while
wall-suited to the day VMC role, create significant problems for the pilot

when flown at night or in IMC. Much of the problem stems from the fact that
desizners have no: taken into consideration how the pilot functions or what he
needs in order to maintain basic attitude awareness. Thus on one hand, these

aircrafs contain features which tend to mislead, confuse, or disorient che
piloz, while on the other hand they fail to provide adequate references for
coping - for maintaining or regalning alrcraft attitucde awareness. '

[z {5 our resgonsibility to analyze these problems, to detarmine whether
cost-effeczive remedies exist for our current fleet, but perhaps even more
imporzantlv, to insure that these problems not be perpetuated in fucure
aircrafe. For, unless the priorities are properly established, many of these
ultra-expensive aircraft and their crew will needlessly be lost in training
mishaps. the first priority {s aircraft control, the ingradients of which are
awareness of attitude, alzitude, airspeed, and vertical wvelocity.

This workshop considered aircraft attitude awareness not onlv in the
context of spatial disoriencation, in which the pilot {is aware of an
orientazion problea, bur also in the context of spatial "misorientation,” in
which the aircraf:c has subtly attained an attitude of which the pilot |is

unaware. Furthermore, in view of the preponderance of mishaps due to
Controlled-Flight-Into-Terrain (CFIT), considerable attention was devoted to
altitude awareness, collision warning and avoidance systems, automatic

recovery systems, and G-limiter override capability.

The workshop developed a number of findings and recommendations
summarized below:

To avoid collisions with the surface, the pilot needs inputs to
sensory channels other than the focal visual systea. Properly designed
auditory and proprioceptive interfaces have the potential to redirect the
pilot’s attention to his flight path in time to initiate correction.
Falling this, the aircraft should attempt to auto-recover.

To maintain or regain aircraft attitude awareness, the pilot
requires visual displays that are dedicated and properly Iintegrated
within the cockpit. There are currently three basic components: the
primary and standby attitude indicators, and the head-up display (HUD);
and there is potential for emerging technologies such as helmet mounted
displays and possibly three-dimensional sound. The hub of aircraft
attitude awareness is a large primary dedicated attitude display (PDAD)
centered high in the instrument panel and located just beneeth the HUD.
Its purpose is to provide continuously and instantly the immediate big
attitude picture to the pilot's basic orientation channel, the ambient
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visual mode. It should be visible when the pilot’s attention 1is directed
to the HUD. The second component {s the head-down at:tizude display
(formallyv the Standby Acttitude Indicator or SAl). This should also be {n
the midline and sufficiently low to permit {ts use in the presence of
ambient visual mode distractions, such as moving glare and reflections
off the canopv, or false horizons. The third component providing
atcizude {information 1is the HUD, yet the HUD {s not an attitude
indicazor. The pozential exists to improve the HUD as an attitude
alerting dewvice, directing the pilot to refer to the PDAD. Sugzested
improvements included the addition of a zenith pointer to the Flight Path
Marker to provide a becter roll cue, and radically alteri{ng the pattern
between positive and negative Flight Path Scales to provide be:tter pitch
cues.,

Current fighter/attach alrcraft are poorly sufited to the enhanced
“night role. Remedies must conslder the compromised nature of the pilot
who flies at night. As a minimum, aircraft need better attitude
references, to include a large PDAD, critical control parameters
formatted for instant unequivical recognicion, {improved cockpit and
instrument lighting, 1less canopy glare and reflections, better formation
lighting, and no false horizons.

Several training issues emerged: basic instruments, the use of the
HUD's as instruments, the use of attention and the proper use of vision.
The USAF/IFC should be supported in the acquisition of a training
aircraft equipped with a programmable HUD for instrument research and
training.

- Virtual displays projected onto the visor as helmet mounted displays
offer great potential for a variety of purposes, especlally aircraft
attitude awareness. This technology should be pushed vigorously.

There have been several instances in F-15's where the recovery from
a spatial disorientation {incident required the pilot to over-G his
aircraft. At least one F-16 might similarly have been saved had the
pllot had access to every G available. Consideration should be given to
the incorporation of a G-limiter by-pass as an emergency override in
aircraft such as the F-16.

The enormous information processing capability of sensory channels
such as the amblent visual mode, hearing, and proprioception is
underutilized. This thrusts the task of maintaining awareness of
critical aircraft control parameters upon the focal visual mode, tending
to overload it. Strong emphasis should be placed upon displays which can
be processed by non-focal visual mode sensory channels.
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An innovative audio-technology known as three-dimensional sound
appears to offer promise in such areas as warnings and alerts,
localization of objects {in space, and possibly afircraft attitude
awareness. Research and development should be pushed.

The noise in modern cockpits is commonly such as to hamper effective
communications and potentially helpful auditory cues. A technology is
currently under development that can effectively reduce relatively steady
state background noise by a significant amount, improving the audio
environment for sounds that matter. Research and development efforts in
this area should continue.

There are times when a pilot requires certain information yet does
not want to look away from his primary task to obtain {it. A voice call
out of such {nformation upon command would be very useful, and could
include parameters such as attitude, altitude, airspeed, VVI, fuel state,
rounds count, weapons mode selected, etc.
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WORXSHOP FINDINGS AND RECCMMENDATIONS

1. ALTITUDE AWARENESS

Currz2nt fighters commonly lack adequate warnings and alerts to altitude;
i.e. altizude awareness is even more critical than attitude awareness, in view
of the preponderance of controlled-£flight-into-terrain (CFIT) mishaps (Fig 1).
These m@mishaps are due primarily to lack of awareness, Ffallure to monitor
£lizhc pazh, distraction, etc, though ther may often be set up by
misperception of altitude AGL or of vector convergence with terrain. The
pilo= needs something to wake him up, to redirect his attention to his flight
path., as well as an absoliute height gauge.

.
RECCMMENTATION 1.

- Aural Ground Proximity Warning Syscem
- Radar Altimeter
- ?ish development of more effective audio warnings/ aler:s to

impending collision with the surface (e.g. 3-dimensional sound)

2. ATTITUDE DISPLAYS

Attitude Displays are inadequate. They are too small and too deep in the
cockpit. Under suboptimal lighting, they may be subject to misinterpretation.
Current configuration delays to rapid transition from outside to inside and
inhibits the wingman from sneaking a peek during close formation. It hampers
the pilot from maintaining his own big attitude awareness picture, especially
when his attention is focused on the head-up display (HUD). It impedes the
recognition of wunusual attitudes (in cases of unrecognized spatial
disorientation or misorientation). Furthermore, it {impairs coping with
spatial disorientation (SDO) and unusual attitudes. The obvious solution is
to utilize the space below the HUD (presently the up front control panel) for
a large, prominent primary dedicated attitude display. Several methods for
accomplishing this were suggested: one involved the projection of an attitude
depiction onto the up front control panel (UFC). Others were to take
advantage of emerging flat panel technologies for the PDAD, and consider touch
sensitive overlays for the UFC, or consider displacing the UFC to the left
side of the HUD container for access by the pilor’s left hand.
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Reasons for a promlnent PDAD are as follows:

o Keep Pllot Oriented

- Maintain big plcture when attention focused on HUD

- In conditions of potential spatial disorientation/
misorizntazion
- When piloc compromised, e.g., fatigue
0 Provide Ready Aztitude Refarence Near HUD/Eve Line

- For pop-up,/pull-downs
- Facilitacze transicion from outslde to inside
. Enable wingman to maintain own AAA while flying formation

o Raduce Cockpiz workload

o Aid Recognition of Urexpected Inadvertent Unusual Attitude and
Facilitate Coping

o Facilitate Coping with Frank Spatial Disorientation or ilot's
Vertizo

RECCMMENDATICN 2:

- Large, prominent, primary dedicated attitude display (PDADP,
dedicated full time, {mmediately below the HUD (Fig 2 A, B, and C).

3. HUD IMPROVEMENTS

The HUD {s not an attitude indicator, nor should {t ever be, although it
does provide some information regarding attitude. What the HUD needs to be
able to do regarding attitude, is alert the pilot when to refer to the primary
dedicated attitude display (PDAD) which, ideally, should be located
immediately below the HUD. To improve the HUD as an attitude alert requires
at least two changes: one to the Flight Path Marker (FPM) and the other to
the pitch scales, (Figs 4 & 5).

The basic problems with the HUD, as far as attitude is concerned, are
that it does not tell the pilot, at a glance, whether he {is wupright or
inverted, or whether he is pitched above or below the horizon, or to what
general extent he is pitched. Humans are basically patterned recognizers, and
since the general pattern of the pitch scales are symmetric about the horizon,
ft is possible to confuse an inverted dive for an upright climb (Fig 3).
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This was recently 1llustrated in the full missfon F-16 LANTIRN simulator
by subjects participating {n a certain study. The intention of the subjects
was to perform a pop-up pull-down delivery (by popping, rolling Inverted,
pulling down, and rolling out upright to bomb the target). In repeated
instances, subjects would become so engrossed in the target that they would
f£orget they had rolled out upright. Attempting to sort it our by looking at
the HUD was of no help. The flight path scale provided no innate sense of up.
3esides, it was moving too rapidly for interpretation. In these instarces,
thinking himself to still be inverted, the subject would roll again (%o
inverted) and pull into the ground. t is to avoid just such errors that we
should strive to provide a roll cue on the Flight Path Marker, such as a
Zenith or Vertex Pointar (Figure 4).

Another wmost dangerous aspect 1Is that the HUD does not instantly
distinguish between climbs and dives. The problem lies with the global
simmetry of the flight path scales (FPS), 1.e. both the positive and negative
¥?S's have the same general shape with horizon-pointing tails in the same

location. Though generally a useful cue, the solid line for positive pitch
and dashed for negative pitch does not alwavs register, especially in a
dvnamic situation, but also occasionally in a static one as well. For

axample, it 1is possible to confuse an inverted dive for an upright climb.
Angling the F?S’'s like chevrons forming a channel toward the horizon helps
Locate the horizon, but if the global pattern remains symmetrical, it i{s scill
cossible to confuse an inverted dive for an upright climb. For this reason,
it 1is urged that attempts be made to maximize the differences in the overall
fPS pattern between positive and negative. For suggestion see Fig 5 .

RECOMMENDATION 3: 1Improve HUD as an attitude alercting device by:

- - FPM: add vertex pointer (e.g. Fig 4)
- Pitch scales: radically change pattern from positive to negative
and within negative (e.g. Fig 5); consider color as a redundant cue.

4. NIGHT-WEATHER ROLE CONSIDERATIONS

The night-weather role requires special considerations, both for the
pilot and for the aircrafe. For the pilot, fatigue is a given, reactions are
'slowed, perceptions impaired, and the pilot is more subject to 1illusions,
particularly those of false motion and those of false horizons; he is more
susceptible to disorientation, distraction, channelized attention, and loss of
the sense of the passage of time. Regarding aircraft considerations, present
single-seat fighters are not adequate for the night-weather role. Their
bubble-shaped canopies gather glare and reflections, movement of which across
the canopy creates distractions, or worse, the disorienting sensation of self
motion (vection illusion or Star Wars effect, Fig 6). At night, the glare and
reflections impede outside viewing, impair the acquisition of a valid external
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orlentatlon cue (trua horlzon or surface), and hamper. the ablllity cto
discinguish falss horizons (Flg 7). Qulte commonly, tha light sources for the
glare and reflections are from within the cockpit, where 1little, 1if any,
attempt has been made at proper shielding. The routes of information transfer
regarding critical control parameters such as attitude, airspeed, and altitude

are inadequate. Visual displays are not always formatted for {nstant
unequivocal {nterpretation, nor are thev adequately illuminated, lacking
individual rheostats. Thus they promote spatial disorientation, or worse, a
more subzle form of unrecognized disorientation (misorientation), more lethal

Secause it fails to aler:t the victim that anvthing is amiss. Yet they fail to
provide the information necessary for recognition and coping in a quickly
recognizable, unmistakable format.

Inadequacies in lighting apply not only to the cockpit and {instruemtns,

but very much so to formation lights. Present schemes deny the wingman
adequate recognition of 1lead’'s distance, relative heading and relative
atcicude, Proper attention has not always been paid to the hazardous aspects

of certain external lighcts, e.g. the aerfal refueling light generating a false
horizon.

RICTMMENTATICN 4
For the night role, aircraft need the following as a minimum:

- Better attitude references, to include a lafge primary dedicated
attitude display (PDAD) high in the center of the instrument panel

- Critical control parameters formatted for instant unequivocal
recognition

- Better cockpit and instrument lighting
- Efforts to minimize/eliminate canopy glare and reflections
- Better formation lighting

- No false horizons

5. TRAINING

Several training issues emerged: Dbasic instrument training, the use of
HUD's as instruments, attention, use of vision, and G-tolerance.

Review of certain recent mishaps has revealed as causes, {insufficient
mastery of basic instruments. Much of this is attributed to a de-emphasis of
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inscrument training, as {llustrated by the closure of the Instrument Pilot
Instruczor School (IPIS), and the curtailment of instrument sorties by ATC,
upon the premise that simulators would suffice.

Despic the presence of HUD's on many of our state-of-the-art fighters,
no formal program has been undertaken to train their wuse 1in instrument
conditions. The evolution of HUD’s as flight control i{nsctruments presents a
chailenga for Air Force pilots and designers: that of determining the optimum
lavout to integrate head-up and head-down (conventional) displavs. HUD’'s with
urvalidated instrument capability have been intezrated into the same cockpits
that have relegated proven head down displays to less. accessibly wvisible
locazions deeper in the cockpits. There {s concern tha: the changes In
current cocxpits mav be at the expense of maintaining attitude awareress and

ircraft control 1in conditions of reduced visibility. The situation may
worsen with Increasing mission complexity and the desire to place top priority
on displavs assoclated with use of the alrcraft as a weapon system. while no
one disputes the importance of ordnance delivery, the top priority should
alwarys be to malntain aircrafc control.

The USAF needs to examine the complete instrument training program for
11 pilots and recommend methods to better prepare users to cope with their
increasingly higher work-load situations. The central agency to develop such
training programs should logically be the USAF Instrument Flight Center (IFC)
at Randolph AFB, TX. Logic would also dictate that the IFC furcther conduct
the research on which to base such training programs. In order for the IFC to
be able to do this, they will need special equipment. It is for this reason
that we strongly recommend IFC acquire programmable HUD-equipped training
aircraft for purposes on instrument training development and for operational
evaluation,

1

In addition, it should be recognized that design impacts training. The
old "T" was relatively simple compared to what we now have. Since IFC is the
logical agency to develop instrument training, it would make sense to include
them in the cockpit instrument design and display approval process as well.

Regarding the training of attention and use of vision, one attendee
stated that both of these were possible and, 1in fact, had been done during
World War II. He was referred to IFC for follow-up.

Regarding G-tolerance, the connection between that factor and aircraft
attitude was brought out. During gradual G onset the peripheral visual fields
contract causing tunnel-vision, grayout, or blackout. Such visual narrowing
may permit the attainment of undetected attitudes. This factor may be reduced
through proper anti-G training.
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REICCMMENDATION 5-1: Improve tralning of basic instruments:

- Support IFC to resurrect IPIS
- Support ATC to increase instrument training sorties

RECOMMENTATICON 5-2: Train use of the HUD: support IFC to acquire a HUD-
equipped training aircraft for development of appropriate displavs,
tzaining, and operations. ' :

RICCMMINTATICN 5-3: Support training measures to improve G-tolerance, because
of Lts beneffclal effects on the preservation of amblent vision on
orfentation.

RICCMMENDATION  3-4: Push the {nvestigation of methods to improve attention
and the use of vision.

6. AUTO-RECOVERY/CRASH RESISTANCE

Should the pilot become incapacitated for whatever reason phvsicallwv from
a cardiac or neurological event, physiologically from G-induced loss-of-
consciousness or hypoxia, pharmacologically from chemical warfare agents or
their antidotes, psvchologically from severe disorientation/vertigo, or
visually from laser/nuclear flash-blindness, the aircraft should resist
crashing and recover itself. The state-of-the-art is rapidly approaching the
point of being unable to afford to do otherwise in terms of airframes, pilots,
“and litigation. The system should be capable of actuation actively ("Panic
Button") or passively. '

RECOMMENDATION 6: Push the development of crash-resistant flight control
systems and auto-recovery.

7. VIRTUAL DISPLAYS

Virtual displays projected onto the visor as helmet mounted displays
(HMD) (Fig 8) offer great potential for a variety of purposes, especially in
aircraft attitude awareness. An example is the "Virtual Umbrella" which
provides for the surface, a checker-board for an unmistakeable ground
reference, and for the sky, a series of vertical lines spaced at certaln
intervals which join at the vertex, 1like the ribs of an umbrella (Fig 9 A &
B). Regardless of where the pilot looks, the virtual umbrella keeps him
oriented, just like being VFR.
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Similarly, wvirtual cockpits offer great promise in overall situation
awareress.

A by-product of the HMD is potential protection against laser/nuclear
£lash-blindness.

RECCMMENDATICY 7: Vigorously push the development of virural helmet mounted
displav technologzy.

3. G-LIMITER B(-PASS

There have been at least three instances in F-15's where the recovery
from a severe spatial disorientazion incident required the pilot to over-G his
aircrafs. Cne such instance was that of Col Nicholas B. Kehoe, former Wg DO
(now Wg C7) 1 TFW, Langley AF3, VA, whose episode of 11 February 1935 was
recorded on VIR and shown at this conference, with his blessing. There has
also been at least one instance i{n a F-16 in which a G-limiter bypass would
have saved the aircraft from hitting the ground. (In that instance, which
xilled cthe pilot, che HUD-VIR survived the crash and makes for a dramatic
review.) The consensus of this conference was that there should be some way
of overriding the limiter in an emergency to get all the G’'s the aircraft is
capable of gererating, even at the expense of structural damage. (A bent wing
is preferable to a smoking hole.)

RECOMMENDATION 8: Consider incorporation of G-limiter by-pass as an emergency
override in aircraft such as the F-16.

9. NON-FOCAL VISUAL MODE SENSORY CUES

The enormous processing capability of non-focal visual mode sensory
systems are presently under-utilized.

- Auditory & Tactile cues

Current aircraft 1lack adequate tactile and auditory cues to airspeed
making it easy to inadvertently get too slow, into stalls, or into sink rates
unawares. Feel of the alircraft 1Is no longer available as a portion of the
critical triangle of agreement regarding basic aircraft control; nor are
audio inputs. Auditory cues are considered necessary for airspeed (and
aircraft) control, especially in aircraft lacking such tactile cues, such as
the F-16.  The same applies to certain instances of flight control activity,
eg. the speed brakes on the A-10 provide no tactile nor auditory cue when
deployed, with serious implications for situations of reduced thrust.
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RZICOMMENDATION 9-1: Incorporate auditory/tactile cues to critical parameter
controls.

- Ambient mode displays

Present displays are designed to be processed only by the focal visual
mode thus tending to overload it. Better use of the processing capability of
che ambient wvisual mode could be made by the proper formatting of displays:
ez. patterned analog format for parameters such as airspeed and altituce.
Such paramecers lend themselves well to the moving tape format (Fig 10 A & 3).
For suggestions see Figs 1l & 12.

RISCMMINDATION 2-2: Press for development of displuys for criczical parameters
(airspeed, altitude) that can be processed by the ambient visual mode.

10. THREZ-DIMENSIOMAL SCUND:
A technique known as 3-D sound appears to offer promise in sewveral areas:

warnings and alerts when it {s Imperitive to get the pilot’s attention,
e3. to avold collision with the surface, another aircraft, or a missile. In
such instances, the quality and intensity of the warning sound would be such
that {t would appear to be coming from within one’s ear or head, and thus
impossible to {gnore.

To locate objects, either inside the cockpit, such as a fire/caution-
light, or outside the aircraft, such as an element mate, control agency,
bogey, or hostile missile on the way. For example, if your wingman calls from
your 8 o‘clock high, telling you where to look. Same with the hostile
missile: the rattlesnake tone comes from the direction of the missile,
directing your search and preparing you for the proper direction to break.

Sound has historically provided excellent cueing to one critical aircrafc
control parameter. Perhaps {t can also be used to ald cueing to other
critical control parameters as well, such as attitude (vertex tone?) and
closure with the surface.

RECOMMENDATION 10: Press the development of audio technologies, such as 3

dimensional sound, for use in warnings and alerts, in localization, and
in maintaining aircraft control.
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11. TANDBY ATTITUDE INDICATCR

wide separation of the Stancby Attitude Indicator (SAI) from the primary
attitude 1indicator precludes the immediate recognition of a mismatch between
the two and upsets one'’s composite Instrument cross-chick should transition
become necessary. It should also be as reliable as possible to avoid
misleading the pilot. It should be centered below the Primary Cedicated
Attitude Display (PDAD) to serve as a head-down atctitude display, and
sufficientls large to be included in the basic instrument cross-check.
Centering it between the standby airspeed and altimezer displavs also
preserves the basic relatlonship ingrained through training. View should not
be blockad by objects such as the stick.

RICCMMEINDATICON 1l: Standby Attitude Indicator should be reliable, large,
centered below the PDAD, located with the standby airspeed and altimeter
displavs, and fully visible.

12. NOISE-CANCELLING HEADSET

A technology 1is currently under development (by AAMRL/B3D) to reduce
noise in the headset,. A microphone in the headset picks up the noise signal,
phase reverses it and plays it back, cancelling out about 20 db. Works quite
well for more or less steady state background noise, such as that from the
engine, environment control system, or avionics equipment. Shows promise in
improving the audio environment for sounds thac matter.

RECOMMENDATION 12: Push the development of noise-cancelling technologies,
such as that currently underway at AAMRL.

13. AUDITORY CALLOUT OF SELECTED INFORMATION

There are times when a pilot needs to know certain information yet does
not want to look away from his primary task to obtain it. For example, if his
attention focussed upon another aircraft that is difficult to keep in view, he
might resist looking away, even momentarily, for fear of being unable to
reaquire tally. In such instances, 1t would be highly desirable to have the
aircraft speak to him, providing him the information he wants on command.
Such 1information should be pilot-selectable, and could include, but not be
limited to: airspeed, altitude AGL, fuel state, attitude, rounds-count,
ordnance mode selected, etc.

RECOMMENDATION 13: Voice callout of certain iInformation on command,
selectable by the pilot.
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The “forward-looking” portion of the panel is planned to provide a single frame of reference in
tetergretuns instrumient indications by prowviding a cocion center line that extends across all
Imsiruments in the row {see Fig. 13.6), When the arcralt goes into a climb, for example, changes in
<l the rate and displacement wndicauicns {displayed side by side) are consistently related to the cernter
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« 312:le direction. Note also that aciual performance daia and desired performance values are
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WELCOME TO AIRCRAFT ATTITUDE AWARENESS WORKSHOP

8 October 1986
by
Lieutenant General Thomas H. McMullen
Commander, Aeronautical Systems Division
Wright-Patterson Air Force Base, Ohio

BIOGRAPHY

Lieutenant General Thomas H. McMullen is Commander of Aeronautical
Systems Division, Wright-Patterson Air Force Base, Ohio.

General McMullen was born July 4, 1929, in Dayton, Ohio, and graduated
from Alamo Heights High School, San Antonio, Texas. He attended St Mary's
University in San Antonio and graduated from the US Military Academy, West
Point, NY, in 1951 with a bachelor of science degree in military engineering
and a commission as a second lieutenant in the US Air Force. He received a
master * of science degree in astronautical engineering from the Air Force
Institute of Technology, Wright-Patterson Air Force Base, in 1964; a master of
science degree in administration from The George Washington University,
Washington, DC, in 1971; and graduated from the Industrial College of the
Armed Forces, Fort Lesley J. McNair, Washington, DC, in 1971.

After graduating from the academy, General MeMullen entered  pllot
tralnlng at Hondo Alr Base, Texas, and received his pilot wings at Bryan Air
Force Base, Texas, in August 1952. He then completed fighter combat crew
training at Nellis Air Force Base, Nevada. In December 1952 he was assigned
to the 16th Fighter-Interceptor Squadron, 5lst Fighter-Interceptor Wing at
Suwon, South Korea. While in Korea he served as a flight commander and flew
78 combat missions in F-86's,

In November 1953 General McMullen went to Kelly Air Force Base, Texas, as
a flight test maintenance officer. He test flew 30 types of aircraft after
they had undergone depot maintenance. In 1959 he joined the General Dynamics
Air Force Plant Representative Office in Fort Worth, Texas, and for the next
three years was a B-58 flight test acceptance pilot.

He entered the Air Force Institute of Technology in September 1962 and
two years later, following graduation, was assigned to the Space Systems
Division at Los Angeles Air Force Station, Calif, as project officer in the
Gemini Launch Vehicle System Program Office. He managed the effort for real-
time monitoring of slow guidance malfunctions, abort situations and crew
safety during boosted flight in the National Aeronautics and  Space
Administration’s Gemini program.
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The pgeneral went to the Republic of Vietnam in February 1967 as air
liaison officer for the 25th Infantry Division at Cu Chi and flew more than
450 combat missions in 0-1 Bird Dogs. In March 1968 General McMullen joined
National Aeronautics and Space Administration headquarters, Washington, DC, as
assistant mission director of the Apollo program. He assisted in coordinating
the preparation of Apollo space vehicles for flight, and for training ground
and flight crews for missions six through 13.

He graduated from the Industrial College of the Armed Forces in August
1971 and was assigned to the Aeronautical Systems Division at Wright-Patterson
Air Force Base as deputy system program director of the B-1 development
program, In June 1973 he was assigned as the system program director of the
A-10 close air support aircraft. General McMullen managed the A-10 through
the development and initial production phases.

General McMullen became vice commander of the US Air Force Tactical Air
Warfare Center at Eglin Air Force Base, FL, in December 1974 and took command
in September 1975. He served as deputy chief of staff for requirements,
Tactical Air Command, Langley Air Force Base, VA, from October 1976 to March
1979. He then was appointed deputy chief of staff for systems, Air Force
Systems Command, with headquarters at Andrews Air Force Base, MD. In July
1980 General McMullen returned to Langley Air Force Base as Tactical Air
Command’s vice commander. He assumed his present command in August 1982,

The general is a command pilot with more than 7,300 flying hours in 46
types of aircraft and wears the master missile badge. His military
decorations and awards include the Distinguished Service Medal with one oak
leak clusters, Silver Star, Legion of Merit, Distinguished Flying Cross with
one oak leaf cluster, Bronze Star Medal, Meritorious Service Medal with one
oak leaf cluster, Air Medal with 18 oak leaf clusters, Air Force Commendation
Medal with one oak leaf cluster, Purple Heart, Presidential Unit Citation
emblem, Air Force Outstanding Unit Award ribbon with "V" device and one oak
leaf cluster, Air Force Organizational Excellence Award ribbon with one oak
leaf cluster, Republic of Korea Presidential Unit Citation and Republic of

Vietnam Gallantry Cross with palm. He also received the National Aeronautics
and Space Administration Exceptional Service Medal and two Group Achievement
Awards for the Apollo program, He is a life and hereditary member of the

Order of Daedalians; an associate fellow of the American 1Institute of
Aeronautics and Astronautics; a registered professional engineer in Ohio; and
a member of Tau Beta Pi National Honor Society.

He was promoted to lieutenant general July 1, 1980, with same date of
rank.

General McMullen 1is married to the former Clara Kirkwood. They have

three children: Susan, Thomas and John. General McMullen is the son of Major
General Clements McMullen, now deceased, an Air Force pioneer.
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Good morning! I'm pleased to welcome you to Aeronautical Systems
Division--the "Bicycle Shop." As some of you know, we take pride in the
association we feel for the Wright Brothers--and to the great englneering work
they did in starting aviation, 'right here, in their bicycle repair and sales
shop on Third Street in Dayton. In fact, the development of military aviation
has centered in the Dayton area since the Wright Brothers successful early
flights over Huffman prairie, about a mile from here. It seems appropriate to
hold an important meeting on aircraft attitude awareness here where flight was
pioneered and where the future of Air Force aviation is taking shape today.

The topic of this workshop addresses one of the most critical areas of
the pilot-vehicle interface (PVI). We have experienced events of pilot
disorientation since the beginning of man's flight. All too often these
events result in an accident that costs us a pilot as well as the aircraft.
And our new aircraft--particularly our newest -single-seat fighters--present

gome challenges that [nerease the tendency for pilot dlsorlentation, We are
preparing to take the next step in acquiring our next generation single-seat
fighter, the Advanced Tactical Fighter. If we have a problem today in the

PVI, we need to ensure that we undertake the efforts needed to address it,
now. '

Currently we're flying aircraft that perform better and are far safer
than in the past--aircraft that malfunction and break less often than their
predecessors. This hasn’t come easy; we've devoted lots of effort to get
where we are. And because we know we have lots yet to do, we’re bunching our
muscles to take further big steps on ATF. We need to make the same commitment
on the pilot and his interface with the machine. We need help on how the
pilot functions, how his brain works, how his visual and perceptual systems
operate, and how he breaks down. We need help in understanding man as a
critical systems component. We need that help to take advantage of the
pilot’s strong points while giving full consideration to his weaknesses as we
work for the optimal interface design. This has important implications for
the types of displays, whether visual or auditory, that most effectively
convey the information he needs to maintain his orientation, and if he loses
it, to help him quickly regain it. To help us resolve this critical problem,
we've 1invited a number of experts in the human sciences fields here today to
share their knowledge on how the pilot functions and what he needs for
attitude awareness.

Fighter pilots face a challenging job. Because of that they go through a
special selection process and then rigorous training. To be successful, they
must be bright, quick to learn, adaptable, and competitive. It seems to me
they’re excellent copers; they take great pride in their ability to master the
machine and can learn to make do with whatever they are given. There's even a
certain amount of pride and prestige at being able to handle aircraft with
less than optimal design features. Pilots can learn to work around even
poorly designed features; eventually, though, there must be some cost
involved, either in terms of operational or performance effectiveness, or of

.
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safety. Once they’ve learned to cope with some suboptimal design feature, it
may no longer appear to them as a significant problem; they may fail to

realize that 1t could be reducing their efficiency. They may even develop
some resistance to change for improvement since they’ve learned to do it the
hard way and their habit patterns are established. Fighter pilots love to

fly; 1I've observed over lots of years that they tend to fall in love with
whatever aircraft they happen to be currently flying, tending to minimize its

undesirable features--although 1 think that's less now than formerly. But,
for these reasons, they may not always be the most objective of evaluators--
even though their inputs are essential. When they discuss problems about

their aircraft, we need to listen.

The single-seat pilot has the most challenging mission. He must do it
all himself. He has no one to help him with his job of aviating,
communicating, navigating, and attack; no one to catch his oversights or
errors and no one to help him cope with in-flight problems or emergencies. No
question he has fewer of those long boring hours and that more of his time is
intensely exciting, busy and disorienting--or even frightening--though he
might not admit it.

He may fly when he is tired; surely that’ll be his lot in combat. He
commonly flies at night when being tired is a given. And when he'’s flying
tired or at night or in the weather, he'’s more subject to 1illusions and
disorientation--the classic pilot’s vertigo.

There’s another form of spatial disorientation to which he is subject and
which I believe warrants our attention; that is, unrecognized disorientation
or '"misorientation," an insidious and lethal form because it does not alert
the pilot that anything is wrong. It is this subtle form of spatial
disorientation that 1is being seen more frequently now in our single-seat
fighters.

Now a word about these single-seat fighters. These aircraft share
certain features such as head-up-displays (HUDs) which provide a less-than-
optimum attitude reference; wide area bubble shaped canopies that gather glare
and reflections; often a cockpit lighting system that is a tradeoff to meet
conflicting demands, and flight control systems which provide  him less
feedback than he’s historically gotten. Over the years we've emphasized the
daytime air superiority role, trading down features that might make the
aircraft better at night or in weather. When flown in such conditions, the
aircraft may deceive the pilot or fail to provide him the information he needs
in a form he can quickly grasp.

I believe we have here, today, the necessary ingredients to shed some
light on this challenge. We have a group of fighter pilots who will discuss
their problems in their particular aircraft. After listening to their stories
and evaluating their aircraft, we need to address some critical questions:
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o Is there something about the design of these aircraft that tends to
lead to loss of attitude awareness?

o 'If so, are there any reasonable fixes to improve attitude awareness
in these aircraft in which the benefits outweigh the cost?

o And finally, what can we do to optimize man and machine integration
and ensure we do not repeat past mistakes in future aircraft?

These are the basic questions to which I hope we find some answers during
the next few days. The goals of this workshop are really twofold: First, to
emphasize to our avionics and airframe people the pressing need for better
alrcraft attitude awareness in our single-seat fighters, and second, to turn
loose the creativity/imagination that exists in this group to help us to
progress in solving this very real problem.

At a meeting like this, some of the best work occurs during the breaks or
the informal get-togethers. We hope you’ll attend the get-together tonight at
the Fly-Wright and tomorrow night for supper at the Defense Electronics Supply
Center Officers Club. We also invite you to visit the Air Force Museum which
we're certain you’ll find worthwhile.

EDITOR'S NOTE

General McMullen added that ATF Requests for Proposal had been released
this week, and that future aircraft designers must place much greater emphasis
upon the pilot, stating that the pilot needs a better cockpit.
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LOSS OF AIRCRAFT ATTITUDE AWARENESS:
IMPACT ON THE USAF
NEW TECHNOLOGY - OLD PROBLEMS

Brig. General Albert L. Pruden, Jr.

BIOGRAPHY

« Brigadier General Albert L. Pruden Jr. is director of aerospace
. safety, Headquarters Air Force Inspection and Safety Center,
Norton Air Force Base, Calif.

General Pruden was born Feb. 14, 1934, in Rolesville, N.C.
He graduated from North Carolina State University with a
bachelor of science degree in aeronautical engineering and was
commissioned a second lieutenant in the U.S. Air Force
through the Reserve Officer Training Corps program in 1955.
The general received a master of arts degree in business
management from New Mexico Highlands University in 1977.
He is a graduate of Air Command and Staff College at
Maxwell Air Force Base, Ala., in 1966 and Industrial College
of the Armed Forces in 1973.

Beginning his career with pilot training at Kinston Air
Base, N.C., and Greenville Air Force Base, Miss., General
Pruden received his wings and was assigned to Perrin Air
Force Base, Texas, for F-86D interceptor training in May 1956. He joined the Air Defense
Command in April 1957 and was assigned to the 317th Fighter-Interceptor Squadron, McChord Air
Force Base, Wash., flying F-102 Delta Daggers. He later moved with the squadron to Elmendorf
Air Force Base, Alaska. In April 1959 General Pruden joined the 7lst Fighter-Interceptor
Squadron, Selfridge Air Force Base, Mich., and began flying F-106 Delta Darts. During this
assignment he completed Instrument Pilot Instructor School and Interceptor Weapons School.

From September 1962 to August 1965, he served as an F-106 instructor pilot and weapons
systems instructor at Tyndall Air Force Base, Fla. While there General Pruden assisted in forming
the Combat Crew Training Squadron, was- selected to conduct high-altitude tests in F-106s and
began efforts which led to the 20mm cannon being added to the F-106 armament system.

Following graduation from Air Command and Staff College in July 1966 and F-4 transition
training at MacDill Air Force Base, Fla., General Pruden was assigned to the 366th Tactical
Fighter Wing "Gunfighters" at Da Nang Air Base, Republic of Vietnam, from December 1966 to
August 1967. While in Southeast Asia, he flew 140 combat missions in F-4C's, including 100
missions over North Vietnam.

Upon his return to the United States, he was assigned to the F-4 System Program Office at
Wright-Patterson Air Force Base, Ohio. He later served as deputy director of the F-4E
Operational Test and Evaluation Program and led development of the modified cockpit
switchology incorporated in present-day F-4E's. He was also actively involved in-developing and
testing the Target ldentification System Electro-Optical and leading edge slats for the aircraft.
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In July 1970 he became a member of the Joint Strategic Integrated Planning Staff,
Organization of the Joint Chiefs of Staff, Washington, D.C. General Pruden returned for a second
tour of duty in Southeast Asia in February 1973. He was assigned to the 8th Tactical Fighter
Wing, Ubon Royal Thai Air Force Base, Thailand, as operations officer for the 433rd Tactical
Fighter Squadron and later commanded the 25th Tactical Fighter Squadron. At the end of the
Vietnam conflict, he had flown 233 combat sorties in F-4C's, D's and E's.

He returned to the United States in 1974 and served at the Air Force Test and Evaluation
Center, Kirtland Air Force Base, N.M., where he managed the F-15 operational test and
evaluation and was chief of the Fighter Branch.

Moving in April 1977 to the 32nd Tactical Fighter Squadron, Camp New Amsterdam,
Netherlands, General Pruden served initially as vice commander. He assumed command of the
squadron in January 1978 and led the unit's transition from F-4E's to F-15s. The squadron was
later awarded the Air Force Outstanding Unit Award and the Hughes Trophy for this period. On
departing that assignment in November 1979, General Pruden was awarded the Commandeur de
Orde van Oranje-Nassau, met de Zwaarden (Commander in the Order of Orange-Nassau, with
Swords) by the Queen of the Netherlands.

From November 1979 to May 1980, General Pruden was vice commander of the 50th Tactical
Fighter Wing, Hahn Air Base, Germany. He took command of the 26th Tactical Reconnaissance
Wing at Zweibrucken Air Base, Germany, in May 1980. Under his command the wing integrated
improved production and prototype all-weather, near real time reconnaissance systems into its
operational mission. . In February 1982 General Pruden became the director of inspection at the
Air Force Inspection and Safety Center. He assumed his present duties in July 1984,

The general is a command pilot with more than 4,800 flying hours in fighter aircraft. He has
flown F-86D's; F-102s; F-106s; F-4C's, D's and E's; RF-4C's; F-15s; and F-16s. His military
decorations and awards include the Legion of Merit with one oak leaf cluster, Distinguished Flying
Cross, Meritorious Service Medal with one oak leaf cluster, Air Medal with 16 oak leaf clusters
and Joint Service Commendation Medal.

He was promoted to brigadier general Sept. |, 1982, with same date of rank.

.Generol Pruden is married to the former Constance Bijold of Duluth, Minn. They have three
children: Robert, Adele and Mary. His hometown is Rolesville, N.C.

N
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INTRODUCTION

In 1984, 20 of 41 operator-factor accident reviews c¢ited "loss of
situational awareness" as a probable contributory factor.

5 of these were inadvertent flight into the terrain (spatial
disorientation/misorientation).

Other factors commonly noted were task saturatlon, distractlon, aod
channelized attention.

This group had a high fatality rate due to ejection out of the
envelope or no ejection attempts.

In 1985, similar patterns.

THE IMPACT OF AWARENESS ON TWO OF OUR HUMAN FACTOR PROBLEMS IN NEWER AIRCRAFT

To date, inadvertent flight into the terrain and G-induced loss of
consciousness (GLC) appear to have contributed to half of F-16 operator-factor
mishaps. -

-- Spatial Disorientation (SDO) is an old problem that is very much
still with us.

-- Loss of feedback through stick, rudder, throttle, visual and
auditory channels; (a good sportscar is good because of "road
feel").

-- Overconfidence or "euphoria" is subtle. (Maglc visibility and
smmmmoooothness) .

-- Less than ideal cockpit for instrument flight.

-- GLC represents a recently recognized threat and is an example of
good results of increased awareness.

.- G onset rate may be more rapid in fly-by-wire.
-- Confidence in the G-limiter contributes to abrupt pulling.
-- Body position basic to effective straining.

-- Period of incapacitation (>12-15 seconds).
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GLEC  prevention measures stress pilot awareness and are in - progress,
Including centrlfuge training.

--  Mental and physical preparation, early and effective straining, body
position (especially checking 6), adequate duration.

- So far in 1985, only one GLC (4 in 1984).

Potential measures to counter the SDO threat include both training and
design concerns.

-- Training (not always preventive, but rather to enhance recognition
and recovery proficiency).

-- We can increase emphasis on instrument training in UPT/RTU
programs (SEL rewriting ATC chapter on SDO).

-- We are making improved training films on SDO.

-- We can more widely apply low altitude awareness training type
approaches (teaches attention management).

-- We have the VERTIFUGE, but can we design a trainer adequate to
simulate unrecognized SDO?

-- Cockpit Design concerns include flight instruments, warning systems,
and distractions.

--- Flight instrument options.
1. Reduce the number of digital displays.
2. Improve information display on the HUD.

3. Review basic efficiency of information transfer through
flight instruments. (Instr. Flight Center)

-- Reduce cockpit distractions.

1. Continue to pursue traditional control/switch position,
and glare/reflection issues.

2. Exploit automatic processing of orientational cues such as
peripheral vision or auditory.

As we proceed, let’s be more aware of cues robbed from the
pilot ... and if he still fails;
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Warning system options.

1. GPWS.

2. Can we build a system for automatic recovery?

CONCLUSION

Teamwork, the integration of multiple brands of expertise will move us

ahead on the awareness issue more efficiently.

-- Starts for safety with the whole mishap board asking the right
.questions.

-- Regular, recurrent human factors working groups between appropriate
USAF agencies have begun.

-- Continue focused working groups such as this one as specific needs
become apparent.

-- We must continue the study of human information processing and 1its
limits.

We will progress. We'’ve seen some on GLC and are moving on SDO. We will

make some on situational awareness. We will find out where to best invest our
resources to prevent mishaps. New technology has given us fine equipment. We
can bring a helpful perspective to that activity, a new technology of our owm.
Let’s pull ahead together.

Editor’s Note

Brig. Gen Pruden also included the following in his remarks:

(o}

The trend in spatial disorientation/misorientation mishaps is 1increasing
- hope the F-16 C/D will be better.

SDO situations: might aerial refueling or refueling in the weather.
Night 1low level formation approaches: wingman’s problems when lead’s

formation lights do not work.

Fighting in clear blue sky - SDO has happened more than once to
experienced F-15 pilots.

HUD dependence - canted cloud-deck viewed through HUD creates a mismatch.
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o Recent F-16 RTU graduate hit an 1LS stanchlon making a night approach out
of low overcast. His UPT was at Williams AFB (Arizona) where his
instrument flying was all in simulators; LIFT was ACBT only with no
instrument training; RTU was learning to deliver ordinance, no instrument
training. Now at his operational base, he is making his first actual
night weather approach, ever. We need to improve that.

) ATF should be a great leap forward in Aircraft Attitude Awareness, taking,
advantage of past mishaps history and all the new technology in displays
and the Pilot Vehicle Interface. There's lots of new technology and

we're in a position to make it happen.

o We need to test our systems using new as well as old fighter pilots.

Those flying frequently in actual weather conditions tend to go heads
down in weather whereas those who fly less frequently in actual weather tend
not to go heads down, But, the roal issue 13 wvot whether heads up s better
than heads down or vice versa,

- We need to maximize the technology available to us today to make

something that is better than either the HUD or instruments - or maybe a
combination of the two.
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THE ROLE OF VISION IN SPATIAL DISORIENTATION AND

LOSS OF AIRCRAFT ATTITUDE AWARENESS BY DESIGN

by
Grant B. McNaughton, Colonel, USAF (MC) CFS
Chief Aeromedical Advisor, Life Support System Program Office
Deputy for Aeronautical Equipment, Aeronautical Systems Division
Air Force Systems Command
Wright-Patterson Air Force Base, Ohio

3 TOGRAPHY

Colonel Grant B. McNaughton is the Chief Aeromedical Advisor to the Life
Support SPO, Aeronautical Systems Division, Wright-Patterson AFB, OH.

Colonel McNaughton was born 5 December 1934 in San Antonjio, Texas. He
graduated from Pomoma College and UCLA Medical School, interning at Boston
City Hospital. Entering the Air Force in 1961, he became a flight surgeon and
served tours in Illineis, Florida, Washington, North Dakota, Texas, and
California. During the Southeast Asian conflict, he served with Air Commandos

in Thailand and ran a 140-bed hospital in Laos. After some training in
orthopedic and general surgery, he completed the Residency in Aerospace
Hdedicine at Brooks AF3 TX in 1975. He then served as Chief of Aerospace

Medicine, Edwards AFB CA until 1980. Following this, he served as Chief of
the Life Sciences Division at the Air Force Inspection and Safety Center,
Norton AFB CA, where his analysis of numerous aircraft mishaps kindled his

interest in aircraft attitude awareness. During his career as a flight
surgeon, Col McNaughton investigated about 20 aircraft mishaps and consulted
on countless others. While at the Safety Center, he wrote numerous articles

on flying safety topics, including spatial disorientation, and helped make
several movies on that subject.

Col McNaughton has over 2000 military flying hours in various aircraft,
including the T-33, T-34, T-37, T-38, A-4, A-7, F-4, F-5, F-15, F-16, F-100,
F-104, F-111, B-52, c-47, -C-123, €-130, KC-135, C-141, and several
helicopters. He 1is also a master parachutist. As a civilian pilot with about
1500 hours, he holds commercial, multi-engine, instrument and rotary-wing
ratings. He has an abiding interest in aviation and has owned several
aircraft 1in the past, 1Including a Cessna-310, Starduster Too, Beechcraft
Bonanza, and Cessna-185. ' ’

Col McNaughton is married to the former Jean C. Frost of Scranton, PA.
They have four sons.
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Focal vs Ambient Visual Mode Efficiency - Effect of Decreasing
Illumination :

Focal vs ambient Visual Mode - Effect of Decreasing Resolution
Vection Illusion

Misplaced Horizon on Night Bomb Drop

A-10

A-10 Instrument Panel

F-15 Instrument Panel

F-16 Planform

F-16 Instrument Panel, Block 10 Aircrafc

Integrated Instrument Display

ADI and HUD
A HUD depicting, gun-cross (where aircrafc is pointed) versus Flight
Path Marker ¢ where aircraft is going)

B. HUD Picceh Scale slewing off face combiner

C. F/A -18A Navigation HUD Display

D HCD Depicting recovery to straight and level inverted without
realizing it

E. HUD leghc Path Scale showing more "quality of horizoness" when
rotated 90°

F. HUD's of various fighters showing some of the tendency to clutter

ADI's Depicting Upright Left Climb & Inverted Right Dive

HUD's Depicting Upright Left Climb & Inverted Right Dive

HUD's with Angled Flight Path Scales, Depicting Upright Left Climb &

Inverted Right Dive

A. HUD Flight Path Marker Showing Zenith Pointer

B. HUD FPM showing (clockwise) S&L Upright, 45 Left Bank S&L Inverted,
1350 Left Bank

C. HUD FPM showing 90° Left Bank at 9° Climb; 45° Left Bank at 9° Dive

HUD Flight Path Scales Showing Radical Change from Positive to Negative,

and within Negative

Combination of Vertex (Zenith) Pointer on FPM plus Radical change in FPS

from positive to negative, and within negative

F-16 Instrument Panel, Block 15 Aircraft

Moving Tape Format Proposed for Airspeed Indication

Moving Tape Format Proposed for Altimeter

Proposed Heading Indicator

Pie Graph showing the average weather conditions during a typical 24 hour

period in Central Europe during the Winter

F-15E Instrument Panel

F-18 Instrument Panel

F-16 C/D Instrument Panel

Primary Dedicated Attitude Display - F-16 C/D

CFIT vs SDO Mishap Chart
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There are several topics and points I'd like to discuss {n this

briefing: the role of vision {n spatial disorientation (SDO); design features
that {mpact attitude awareness,; importance of the attitude indicator; the fact
that the HUD {s not an ADI, although it could be improved as an attitude
reference; and pattern-type displays that take advantage of the fact that the
human 1is basically a pattern recognizer. We’'ll first talk about spatial
disorientation (SDO) and how the man-machine interface and other inputs can
lead to a loss of attitude awareness in some of our state-of-the-art fighters.
Though Dr. Leibowitz will discuss the two modes of visual processing in more
decail this afternoon, 1 need to explain something about it to provide some
relevant background for this talk. ‘

Historically, we've considered SDO to result from a mismatch between
vision and the balance organ. We now know that is only part of the story.
Just as important is a mismatch within the visual system itself, between its
two modes of processing visual information. Cne of these modes is the all
familiar focal mode which focuses, reads the checklist, identifies the bogey,
and aims the gun. This mode is highly discriginating and is exclusively
visual, 1in fact, 1is limited to the central 1-2° of the retina. It requires
good 1lighting and good resolution, and it typically involves conscious
attention.

The other is called the ambient mode because it orients oneself to the
ambient environment. To demonstrate to yourself the orienting capab%lity of
the ambient mode, just try this little test popularized by Dr. Malcolm.

o Place your feet in a tandem (heel-toe) position, close one eye,
" cover the open eye with your fist through which you’ve made an
aperture sufficient to maintain central or focal (or foveal) vision
while blocking inputs from the periphery, and determine how long you

can maintain your balance.

o Now try the converse of that test by clenching the fist to block
focal wvision but move your fist an inch or so away from your open
eye so as to permit periplieral inputs. You should find you can hold
your balance considerablyfionger, if not indefinitely, because your
orientation inputs .are going straight from your primary orientation
sensor to the core of your balance centers.

This mode 1is concerned not with object recognition but with object
quality, or more correctly, the quality of the surrounds; for example, the
"surfaceness"” of the surface, "horizoness" of the horizon, or "cockpitness" of
an alircrafe. It is a quality assessment mode, undiscriminating and
uncritical, and it can be easily deceived, which, of course, is part of the
problem. ‘
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Although this mode lnvolves the entire retina, including central vision,
ft {s by no means exclusively visual. It connects to the same terminals which
receive orientation Inputs from our organs of balance, proprioception and

hearing. Instead of an ambient visual system, we have, in effect, an ambient
orientation system, into which vision contributes its share of the inputs
along with those from the other senses. When ambulating about on the surface

with our eves open, vision contributes the greatest proportion of orientation
inputs, perhaps 90% or more; and of those inputs, the ambient mode provides
perhaps 90%, so it supplies the lion's share. If we can see, or think that we
can see, vision will dominate as far_as orientation inputs are concerned.
This mode works at any lighting level®: it’'s the one we use in the dark.
Though you cannot read in a dark room, you can orient provided there is a
minimum of light (Figure 1).

/ AMBIENT MOOE
-100% '

FOCAL MODE

. = 60%
EFFICIENCY
L 20% ROD-CONE DISCONTINUITY
- | ] 1 q
10°  10¢ 02  10° 10 10
LOG LUMINANCE LEVEL
Figure 1: Focal vs. Ambient Visual Mode Efficiency - Effect of Decreasing
Illumination. :
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Resolution 1is totally unimportant (Figure 2). You can orient with 20
diopter lenses before your eves. The ambient mode typically functions at more

of a reflex level. Along the scale of evolution, it's the mode that appeared
first. »

ORIENTATION

EFFECTIVENESS

DECLINING LENS POWER

Figure 2: Focal vs. Ambient Visual Mode - Effect of Decreasing Resolution.

- There are three consequences of ambient mode reactions of concern to
pilots: the distraction potencial the vection illusion, and the tendency to
orient to false horizoms. - :

First, the brain contains receptors that are specifically tuned to the
components of motion, both velocity and direction. An object whose motion is
detected by the eye will trigger a neuron or clump of neurons to fire. If the
velocity. changes, it will fire a different neuron or clump, and if the
direction changes, still a different neuron or clump. . There is thus an
architectural. basis for responsiveness to perceived motion.! And after all,
pilots -are cocked to spot bogeys and avoid midair collisions and will likely
snap ‘glance to any movement. If the snap glance results in a substantial
erough head motion, that may tumble their gyros causing vertigo. Thus, any
motion can distract, even the slewing motion of the pxtch scales on the HUD.
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THE VECTION ILLUSION

rigure 3: Vection Illusion




The same can apply to anything appearing out of: place, .'such as bug spots
on the windscreen; one experienced fighter pilot admitted to breaking for a
bug spot, then breakxng again within minutes for-the. same bug spot

Whereas a small motion in the periphery may be Lnuehpreted as object
motion, more of the perlpnery that moves will be xnCerpreted as self-motion.
You've all experienced this sensation while sitting at a stop light: as the
car nex:t to you begins to roll backwards, your. impulse is to slam the brakes
on your motionless car.  This sensation is known as vection. It can be true
or illusory, and it is the principle upon which full visual simulators are
based, The 'sensation of motion created by these devices {is sufficiently
commanding that the motion bases are unnecessary and have commonly been
deacctivated. '

Design features that potentiate distraction and disorientation include a
wide area canopv - bubble-shaped like a "fishbowl"; a head position hizgh up in
this "fishbowl® suhjeuging the ambient mode to maximum bombardment with glare,
reflections and false motions; light sources that cause glare and refleccxons
off the canopy, that impede outside viewing, that 'impede the acquisition of a
valid orienting phenomenon (horizon or surface),” or that cause systematic
motions - such as described by A-10 pilots flying over a lighted runway at
nighec. These reflections running from aft to forward up the canopy make it
appear as though an airliner is passing overhead. They dub this the "Star
Wars Effect"” »and admit that {t’s a real attention getter (Figure 3).
Furthermore, the -ambient mode is adequately activated by the 1low spatial
frequencies, such as fuzzy shadows and reflections, typically stimulating
large areas of the visual field2 The vection illusion can be exceptionally
deceiving#as well as dlsorlenting

Anoﬁﬁer fxnding of interest is the fact that the brain cortex subserving
ambient vision contains receptors specifically responsive to lines and to
edges. This hasvactualgy been mapped out in the brains of cats by Hubel and
Weisel at Harvard, 19627 and is probably true as well in humans. Since the
human can't tolerate a sense of disorientation and since the ambient mode {s
uncritical, ft will likely accept anything with the quality of "horizoness” as
a valild horfzon. There appears to beg a sort of mass rule operating here: the
larger, the more commanding. . That may explain in part, at least, .the
commanding nature of phenomena such as sloping cloud decks, sloping terrain, a
haze or fog-depressed horizon, the Northern Lights, or :surface features
resembling a horizon. : ’

A particularly lethal combination is a night take-off across a lighted
shoreline. Since: the balance organ cannot distinguish between acceleration
and a climb, ‘as:what appears to be the horizon passes beneath his wingline,
the leoc becomes convinced he’s doing a loop, and his tendency 'is to dump the
nose and fly into the water.
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Figure 4: Misplaced Horizon on Night
Bomb Drop




We think that surface features resembling a horizon have been responsible
for a number of our mishaps. One involved an experienced fighter pllot Elying
an  F-16 on a nlght bomb drop. The sun had just set, and trom his orbit at
17,000 feet MSL, -looking west, he could see in order, rapidly blackening sky,
white clouds, black mountains, white terrain, black circular discontinuities
throuzh the white terrain, then more lighter terrain beneath him (Figure 4).
A3 he descended toward bomb release ("pickle") altitude, he stabilized in his
track sufficiently for his balance organ to register straight and level, such

that when he levelled to pickle, his balance organ registered a climb. In
want of better wvisual information, his tendency would be to continue the
descent. Visually, while inbound to the target, he had the lights of a large
city on the eastern horizon to enable orientation, but once he turned to
downwind, he was confronted with a lightless, black hole. From his new

viewpoint, the mountains and clouds both blended with the black sky, making
the more distant white terrain appear as the cloud, the black discontinuities
as the distant mountains, and the nearby light terrain as  that in the
distance. The effect was to displace the horizon downward 35-40 .

There were two additional factors impacting this pilot. One, the bomb
failed to spot (i.e., it failed to flash) and troubleshooting a possible
malfunction trapped his attention. And two, he was pickling that bomb at
about his normal bedtime, so he probably wasn’'t as sharp as wusual. These,

coupled with the corroborating false vestibular and visual cues provided him
the comfortable premise of a climb to downwind as intended, and he probably
never bothered to cross-check his instruments.

With that background on the role of vision in SDO, let’s discuss some
problems with current fighter attack aircraft. I see them as:

o Failing to provide adequate attitude references, both external
references and lnstruments.

o Failing to provide critical control parameters such as airspeed and
altitude in a quickly digestible format.

o Confusing, disorienting, and misorienting the pilot.
o Providing inadequate tactile and/or auditory cues.

A number of human factors problems are exposed in the A-10 (Figure 5).
First, the angled canopy rail denies the pilot a reference to the horizontal,
and the stubby nose denies him a ready motion cue, either in the vertical or
the lateral planes. Because this aircraft is so highly maneuverable, it {is
easy to inadvertently over bank it, in which case it will fly a descending
flight path. If the pilot fails to catch that nose dropping through the
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horizon early, he's committed to a dive recovery for which he may have
insufficient altitude. That's important for this aircraft because of the low
altitude where it operates. It also has no radar altimeter or ground
proximity warning system.

From the cockpit (Figure 6), one can appreciaté that the view out the
front is cluttered: HUD supports, windscreen brace, and canopv bows can mask
birds and aircraft. There are some potential attention traps: some of the
avionics needed for flying in IMC, e.g., the radios, TACAN, ard INS are
located down on the side consoles, constituting potential head-down
attentional/vertigo traps. Firing the Maverick Missile involves a multi-step
procedure requiring the pilot to divide his attention between the stores
managsment. panel at lower left, the TV monitor at upper right for £inal
slewing and lock-on, and the HUD to clear his flight path--a potential
procedural, attentional and focus trap. The engine instruments are stacked
left-right-lefc-right so cthat in the event of a mismatch, 1{t’s not always
immediately apparent which engine’s at fault.

The aircraft exhibits flight control characteristics which has created

problems for pilots. Whereas most aircraft buffet before they stall,
generating a reliable tactile cue that pilots ingrain and come to rely upon,
the A-10 stalls before it buffets. We lost a number of them before breaking
that code.

Another area where tactile cueing could stand improvement is the speed-

brake. There is no cue, tactile or auditory, to remind the pilot that his
speed brakes are deployed. Of course, he can see them if he thinks to look
for them (split ailerons), but under pressure of an emergency, he may not
think about then. This is important because, whereas the aircraft has a

relatively ineffective propulsion system, it has a very effective speed brake,
such that 1if an engine is retarded without retracting the speed-brake, the
aircraft will not maintain altitude. We have lost several alrcraft because
the-pilot did just that; shut down an engine, failed to retract the speed
brake, and was wunable to figure out why he could not maintain altitude 1in
sufficienc time to avoid having to eject. In at least two of these instances,

the pilots were in IMC, and just maintaining attitude while coping with the
emergency absorbed all their attention.

The F-15 will be discussed in more detail by Major Merrill Beyer, but let
me point out just two design features impacting attitude awareness:

First, the considerable amount of prime real estate taken up by the

radio, transponder and HUD control panel (Figure 7). This has forced the
location of the ADI, which is only 3" in diameter, down over 35° below the
design eye line. It 1{s not easy for the wingman to simultaneously fly
formation and maintain his own attitude awareness. He must turn his head

considerably to the side in order to fly good formation; the result can be an
angular difference between the outside formation references and the 1line of
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sight to his HUD or ADI by as much as 60°. This requires him to make
significant head movements whenever he wishes to cross-check his cockpit
instruments. Pilots know that large head movements in the cockpit can produce
vertigo. In order to minimize these head movements, the wingmen prefer to
slide down and back from the normal formation position. However, {f the
wingman drops too far down and in toward lead during intense weather formation
flight, the wingman's aircraft wing overlaps the horizontal stabilizer of the
lead aircraft. Not only is this somewhat dangerous, but it also can interfere
with the normal flight dynamics of the lead aircraft to the extent that lead

can "feel" when the wingman is in too tight. Pilots have also reported that
they lose the F-15 when flying formation during day weather conditions more
than any other tactical figh:ter they have flown. This is due to the gray

paint scheme of the F-15 which minimizes color contrast with gray backgzrounds,
enabling the aircraft to easily blend into weather.

The other feature 1is the location of the Standby Attitude Indicator
(SAL). It is deeper yet than the primary ADI, and it is behind the stick; ic
requires moving the stick (or leaning way forward) to view it. '

The F-16 (Figure 8) was originally built as a day VFR lightweight fighter
concept demonstrator, .and as a day VFR dog-fighter, it 1is probably
unparalleled. But it was not designed for the night-weather role, and when
flown 1in such conditions, it generates its share of human factors problems
(to be discussed later by Major Arthur Fowler), not the least of which are
canopy glare and reflections from cockpit and instrument lights and from the
radar scope. In addition, canopy reflections from clipboards, helmets, and
other cockpit items occur about 30  forward of the pilot's ear line and prove
distracting. Pilot's helmets were painted gray to decrease such reflections.

The F-16 aircraft lacks natural attitude references. From his seated
position, the pilot may not be able to see much or any of the aircraft. The
canopy bow 1is behind the pilot where some claim it blocks their view to the
rear. Most pilots love the unsurpassed visibility, however, and would resist
any change. Yet the pilot may get the feeling of being "on" the aircraft or
suspended above it, 1like being on the nose of a dart or on a "magic carpet.”
That, coupled with the spectacular performance and lack of cues, has led to a
feeling of unwarranted contentment’ or complacency, dubbed by a former F-16
Wing Commander, "F-16 Euphoria."’ What impact it may have on one's time
sense, cross-check, or situational awareness, 1if any, has not been formally
studied, but we’ve had instances of inattention to critical parameters for
excessive periods of time, resulting in thousands of feet of altitude loss and
crashes.

This aircraft was built as a visual aircraft to keep the eyes out. It
does not cue the pilot that anything has changed or that {it's time ¢to
transi;ion back inside, and when it is time to transition back inside, the
aircraft presents a challenge. This begs the question as to what the pllot
needs to transition back inside. If confronted with situations of false
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motions, false horizons or no horizon; 1i.e., 1if he lacks God’'s big outside
horizon, the pilot needs man’s horizon, and the bigger the better. Whereas it
may be permissible to miniaturize some instruments, miniaturization does not
apply to the ADI. The ADI represents one instance where BIG is definitely
BETTER, 1ideally big enough to see out the corner of the eye, as in flying
formation. :

Buz what in the way of an ADI does the F-16 provide (Figure 9)? Like the
F-15, the large HUD control panel forces the primary ADI deeply into the
cockplt, over 25° below the deslpgn aeye llne. Under certaln Llightloy
conditions,  the top half may appear uniform, allowing the pilot to miss the
fact that he's in a descent. The ADI is small; {it’'s barrel is less than 2" in
diameter, and depending upon how the seat i{s adjusted, could be anywhere from
25-33"  from the eyw, such that it falls to subtend a large angle or a large
area at the eye; it is not particularly commanding. Finally, wide separation
between the primary ADI and SAl precludes the immediate recognition of a
mismatch between the two and upsets one’s composite cross-check if required to
switch. Although the SAI is less reliable than the primary ADI, its proximity
to the eye line has resulted in its use to the exclusion of the primary ADI
with disastrous results when it (the SAIl) was in error.

1'd like to discuss a mishap illustrating the attitude instrument problem
in this aircrafe. The mission involved a day formation departure into a low
overcast; the lead pilot was inexperienced, the wingman highly experienced,
and as they departed, the wingman was on the right wing. Upon entering the
overcast, the lead became disoriented, and after some gyrations, exited the
clouds in a steep dive at a steep left bank. At this point, the wingman had
moved to the left wing, so he was looking up at lead. As soon as they broke
out, lead saw the trees, rolled and pulled hard, hitting some trees but
getting the aircraft back. Wingman was just a millisecond too late.

This mishap illustrates two points. One, . lead was unable to transition
from outsfide to inside in a timely, positive manner; and two, despite his
experience, the wingman could not simultaneously fly formation and maintain
his own attitude awareness, because of the small size and deep location of the
ADI.

Agaln, the {importance of the attitude indicator: it’'s the hub of the
cross-check. Studies have shown that pilots flying in IMC spend between 70-
90% of their eye time dwelling on the ADI. It should be 1large, high,
centrally located, and prominent enough to see out the corner of the eye: to
facilitate the transition from outside to in; to enable the wingman to sneak-
a-peek while flying formation; to facilitate maintaining one's own aircraft
attitude awareness; to speed recognition of wunusual attitudes, and to
facilitate coping with unusual attitudes.

We haven't always had small ADI's, as illustrated by the instrument
cluster developed at AFWAL by former Luftwaffe Colonel Siegfried Knemeyer

1-3-17




(Figure 10). At the hub of this cluster, which was near eye level in the F-
the sphere of which measured a full 3" in diamecter.
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The "forward-looking' portion of the panel is planned to provide a single frame of reference in
interpreting instrument indications by providing a common center line that extends across all
mstruments in the row (see Fig. 13.6). When the aircraft goes into a climb, for example, changes in
411 the rate and displacement indications (displayed side by side) are consistently related to the center
reference line and to the pilot's control movement. Insofar as possible, scale displacements are in
+ sinzle direction. Note also that actual performance data and desired performance values are
aepluyed so that the pilot does not have to remember specific values. Instead, he flies the aircraft
-+ 45 10 keep the indices aligned across the reference line.

( Extract fram "V.s.ou o MiLiragy A“Ano;;
Wuirecx etal 1958, WADL-TR-S2- 299
p-285) .
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There was another popular feature: the moving tape formats for airspeed

and altitude. By the use of cursors shaped like Captain’s Bars, one could
mark some preselected parameter sufficiently to not require foveation; 1i.e.,
could monitor it with peripheral vision. The numbers on the tapes were such
that the smaller airspeed was at the top and vice versa for altitude. While

flving straight and level, the cursors formed an even line with the ADI's
horizon. 1If one drifted off, however, say inadvertently entered a descent, as
airspeed increased, the left (airspeed tape) cursor would move up as the
higher airspeed came into view; the horizon line would move up as attltude
changed; and the altimeter cursor would move up as altitude was lost and the

lower altitude moved into view. The opposite would happen for an ascent.
This provided a very nice redundant cué to attltude and facllitated the cross-
check. Once pilots learned how to interpret and use the moving tape format,
they generally preferred it to round dials. Mr. Pete Lovering may discuss

this device tomorrow.

Another approach is that of Dr. Richard Malcolm, in his Peripheral Vision
Horizon Display, an attitude indicator projected onto the instrument panel
that 1is wide enough to be monitored out the corner of the eye. It enables
attitude awareness by the ambient mode thus freeing up the focal mode for
tasks requiring focal mode processing; this has significant potential not only
for reducing spatial disorientation but also for reducing cockpit workload.
Dr. Gillingham has formally tested this device in the lab and demonstrated an
improvement in instrument approaches.

There’'s a second source of attitude information--the SAI--about which
we'll hear more tomorrow from Mr. Dick Geiselhart. There are some issues
regarding the position of this instrument relative to the primary ADI, as well
as basic reliability.

Before proceeding to the third source of attitude information, I'd 1like
to digress a moment on the characteristics of man versus displays, and make
some remarks about attitude depiction. As you'’ll hear from Dr. Malcolm and
others this afternoon, man is basically a pattern recognizer, from birth on.
The more that you can organize information for him visually, the faster he can
acquire and understand it, which is why a picture is worth a thousand words.
When a pilot looks at a display, he usually wants to know only whether the
parameter it represents has changed, and if so, in which direction, how much
and how fast; 1i.e., he wants trending information. He also likes limitations
cues--whether the parameter 1s too low, too high or right on,

The problem with digital, symbolic and alpha-numeric displays is that
they require focal mode to read, decode and integrate, and provide no inherent
trending nor limitations information. Analog displays generally overcome
these objections but can be misread, as illustrated by the old altimeter which
could be misread by 10,000 feet. Finally, any display which traps the pilot's
attention can kill him.
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Now, let’'s talk a moment about attitude depiction {n general (Figure 11).
The way we depict attitude generates an important human factors problem:

reversed roll-sensing. The most commanding part of the ADI is the part that
moves - the horizon. In order to "level" the horizon, you must move the stick
in the direction opposite to its desired motion. This reversed roll-sensing

is one reason it takes so long for a pilot to learn to fly instruments, so
that the correct response becomes automatic. Still, this is an unnatural act,
and even test pilots with over 2500 hrs in fighters have confided that when
coping with an unusual attitude, they must first tweak the stick to see which
way the ball moves before initiating recovery. So for some, perhaps most of
us, if truth be known, the response never does become automatic. Those who
learn to cope successfully often do so by imagining themselves {nside the
aircraft, looking out at the world through a porthole the size of the ADI
"window, which is why it's called an "inside-out" display.

At least the ADI is an attitude indicator. The little "W" (waterline
symbol) which {s fixed, tells where the aircraft is pointed relative to the
horizon, which moves. On the sphere, the sky is blue, surface brown and

horizon unmistakably depicted, and the fleld of view approximates 902-110° of
the sphere.

This brings us to the third source of attitude information, which is on
the HUD. The HUD is also an inside-out display with reversed roll-sensing
like an ADI, but it is not an ADI. The aircraft symbol,-d}-, which moves in
pitch and yaw (but not in roll) tells not where the aircraft is pointed but
where the aircraft is going. It is really an inertially derived flight path
marker. (Some HUDs also display a "W" waterline symbol or gun cross
indicating where the aircraft is pointed; the difference between where the
aircraft 1is going and where it is pointed constitutes angle-of-attack, Fig
12A.)

: On the HUD, there is no clear distinction between sky and surface--the
only difference being the type of lines on the pitch scale: solid for
positive, dashed for negative. The overall pattern of the scales is symmetric
about the Qo pitch line (horizon line) which, 1itself, 1is not much longer and
therefore hardly more commanding than any other pitch line. The horizon line
in most HUD's 1is straight, whereas all other pitch scales have "tails”
pointing toward the horizon.

In trying to determine one’s attitude from the HUD, 1t Is not always
immediately apparent whether one is upright or inverted, or climbing or
diving, or {f so, to what general extent, because the scales all look about
the same.

Whereas the ADI gives a 60-110° Fov (the big or macro-picture), the HUD

provides only a 14-20° FOV, or in the case of the F-16, 16°. This is the
micro-picture; it is like taking a 16° circle out of the ADI, and expanding it
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over the face of the combiner. It not only magnifies the scale to 1:1 with
the outside world, it also magnifies the dynamics of the FPM and, in
particular, the Flight Path Scales (FPS, also called pitch scales). Whereas
the FPM moves as if on a pendulum, suspended from the gun-cross, the FPS
revolves around the FPY. The dynamics are such that at high pitch or roll
rates, or in high cross winds, the FPS can nearly slew off the face of the
combiner (Fig 128) and may become unreadable. In other words, at rapid roll
or pitch rates, the FPS does not hold still for interpretation. Thus, the
first step in recovering from an unusual dynamic attitude via the HUD is to
first stop the roll or slow the pitch rate so you can read the numbers on the

FPS! This takes some finite amount of time. The next steps are combinations
of pulling to the horizon and rolling upright, or rolling upright and pulling
to the horizon. There are cues on the FPS's to help you reach the horizon:

in the F-16 HUD, the FPS’s have horizon pointing tails; 1in the F-18, the
entire FPS is angled like a chevron, (Fig 12C), aimed at the horizon, forming

a channel. However, there {s still the problem of determining which way is
upright. Since there is no clear distinction between sky and surface on the
HUD, you must reduce the dynamics sufficiently to tell whether the FPS's are
solid (for positive pitch) or dashed (for negative). Again, this takes some

finite amount of time. Furthermore, since there’s nothing intuitively obvious
about the symbology for upright vs inverted, it's entirely possible to recover
to straight and level, inverted, and not recognize it for some time (Fig 12D).

Alchough the Flight Path Scale yaws and rolls (and, of course, scrolls up
and down in pitch) over and off the combiner, there is a considerable quantity
of symbology and scale that does not move: for example, the airspeed, heading
and altimeter scales as well as the digits for G and mach, and other symbols
for avionics, radar and weapons modes are fixed; and being fixed, they
constitute a stationary frame of reference. With the preponderance of
evidence to the eye being that nothing is moving up there, motions of the FPS
may not even register, especially 1if off center or nearly out of view.
(Motion of the FPS will, of course, register as motion, but not necessarily as
aircraft motion.) In some cases, the FPS can actually generate more "quality
of horizoness" when rotated 90 (Fig 12E), so for all these reasons, HUDs are
less than optimal attitude instruments.

Another problem area of the HUD 1is attention allocation-:the
effectiveness of information transfer and the potential to trap attention.
Digital formatting aggravates this because of tying up the focal mode.
Furthermore, your span of focus is too narrow to read more than one parameter
at a glance. If you want 4 or 5 different parameters, you must make as many
eye stops and then you still must decode and integrate it. So, despite the
clustering of information, it doesn’t invariably speed up the cross-check. As
a matter of fact, many pllots feel there's too much stuff up there (Fig 12F)
and the first thing they reach for is the declutter switch.
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‘ RECOVERY TO
S&L INVERTED
WITHOUT REALIZING IT
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HUD depicting recovery to straight and

[}
Figure 12D:
level inverted without realizing it
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" Another phenomenon regarding HUDs is the tendency to stare at all that
symbology and become mesmerized by 1it, deceiving yourself that you're
processing all that information when, in fact, you are not. They even have a

name for this: "HUD Hypnosis.”

Another problem arises because HUD symbology is projected into space as
virtually imagery. Looking at the virtual imagery of the HUD is like looking
at something through the knothole in a fence; various combinations of the
pilot’s eye position and the FPS position may move it beyond his view.
Another point, although the HUD imagery is collimated to infinity, the eye
does not necessarily focus to infinity when looking at the HUD. In fact, the
eye tends to focus at an intermediate range corresponding to its own resting
dark focal length. For .many pilots with 20/20 vision, their dark focus (the
distance to which they accommodate in the ®ark) is only 3 or 4 feet. As you
will hear from Joyce lavecchia and Stan Roscoe, this has implications for
clearing the flight path.

Finally, looking through the HUD in visible precipitation or moving
lights can create a disorienting vection sensation.

This 1is not to say that you can’t fly instruments on the HUD or recover
from unusual attitudes. You can fly an entire mission on the HUD or an entire
airshow on only the HUD--including loops, rolls and all sorts of aerobatics,
provided you keep up with the maneuver. What's difficult is attempting to go
from some unknown, unrecognized or misperceived attitude to the HUD to
recognize the problem, sort it out and cope. The HUD is simply not designed
for that., The HUD evolved from the gunsight and is designed specifically to
enable maneuvering against a visual scene, which it, in effect, calibrates.

It's 1ideal for precision ordnance delivery or for clearing terrain. Because
the Flight Path Marker (FPM) organizes so much information for you, you simply
keep the FPM above the obstructions. Or even precision approaches: to shoot

a 2.5° glide-slope, simply keep the FPM at -2.5° and you're wired. But the
HUD was not designed nor intended for the recognition of or recovery from
unanticipated, unusual attitudes.

The following mishap illustrates the confusion potential of the HUD. It
involved a student pilot on his third night ride, a bomb drop on a pitch black
range. The mission was uneventful till just following bomb release, when the
student established an upright left climb and flew into an unforecast cloud.
Within 30-40 seconds of entering that cloud, he rolled from an upright left
climb, 180° to an inverted right dive, and impacted with no further call nor
attempt to eject. The Mishap Investigation Board suspected a distraction, and
sure enough, a warning light requiring him to throw a certain switch was found
to have been illuminated at the time of the crash. Though we’ll never know
what was going on in his mind, it’'s likely his attention was trapped in coping
with this "emergency".
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At the moment the aircraft entered IMC, the ADI would have
looked something like this.

At the moment of impact, the ADI would have looked like
this... The barrel of the ADI is less than 2" ip diameter,
as i{n this figure. It is located between the knees, 24"

to 34" from the Design Eye Point. Could it be possible

to confuse these indications, such as at night, with
canopy reflections?

Note: Horizon line subtends an éngle of only 3.4 to
4.8 at the eye - not particularly commanding.

Figure 13: ADI's Depicting Upright Left Climb &
Inverted Righg:Dive
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Suppose he’d 1looked at his ADI the instant he entered that cloud and
again the instant before hitting the ground (Figure 13). 1Is it possible, with
the glare and reflections, that he could have confused depictions, or even
made a roll-reversal?

But suppose he’d glanced at his HUD at the same instant, realizing that
in the ordnance delivery mode (which he was using) the pitch scale slews over
the combiner and would not necessarily be centered as depicted in Figure 14.
Since this aircraft does not "talk" to the pilot nor alert him of any change,
he may not have been suspecting that anything had changed--he could easily
become a victim of the element of expectancy, see what he expects or wants to
see, and simply misinterpret the depiction. . We think he could have been a
victim of this more subtle and insidious fofm of spatial disorientation, more
lethal because it fails to alert its victims to even question attitude, hence,
they delay cross-checking attitude till it’'s too late. Some refer to this as
"spatial misorientation.”

Figure 14: HUD's Depicting Upright Left Climb & Inverted
Right Dive :
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- In some HUDs, the pitch scales are angled, like chevrons, pointing toward
the horizon. While this may improve orientation toward the horizon, as long
as the pattern is symmetric about the horizon, it does not necessarily avoid
the confusion of upright-inversion, as per Figure 15.

Figure 15: HUD's with Angled Flight Path Scales,

Depicting Upright Left Climb & Inverted
Right Dive

To reiterate: The ADI is designed for the recognition of and coping with
unusual attitudes. The HUD is not, and such actions can be very difficult on

the HUD.

This 1is not to say the HUD could not be improved upon for attitude
recognition. As a minimum, two changes would be needed:

a. Since the FPM i{s so commanding, it would seem reasonable to make it
into a roll cue. This could be done by simply adding to it a
zenith-pointer, as per Figures 16 A,B,C. 'The star is Dr. ‘Malcolm's
idea--to add "innateness" to the cue (stars are up, in the sky).

b. The relative simplicity of pitch scales fails to cue regarding angle

from the horizon, at least when the pitch 1lines are straight.
Admittedly, wusing chevrons with angles increasing with offset from
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Figure 16A: HUD Flight Path
Marker Showing Zenith
Pointer
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HUD PITCH SCALE SHOWING
RADICAL CHAMGES FROM POSITIVE
TO MEGATIVE & WITHIN NEGATIVE

Figure 17
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the horizon does provide some cue. But keeping with the premise
that humans are basically pattern recognizers, why not alter
radically the pattern of positive from that of negative pitch; and
since negative pitch is more time critical than positive, why not
alter again the pattern of pitch scales from one range of negative
to the next, the steeper becoming more urgent, as per the "Shark's
Jaws" (Figure 17 A,B)? At least it should cue him to go immediately
to the ADI, which is the prime recognition and recovery instrument.
Dr. Robert Taylor of the United Kingdom will discuss HUD pitch
scales tomorrow.

Arrangement of certain instruments has also been implicated.in mishaps,
e.g., standby attitude indicator (SAIL"and the altimeter. One mishap
implicating the SAI involved the lead of a 3-ship to the range. Sandwiched
between cloud layers at 7000‘, shortly after takeoff, lead announced he had a
problem and initiated a hard 180° turn, presumably to return to base. In so
doing, he entered a cloud, from which he shortly emerged in a dive, entering
lower clouds obscuring mountains. There was no further call nor attempt to
eject, but positive control movements indicate he was conscious immediately
before impact. The Mishap Investigation Board was unable to ascertain the
nature of the problem. One of the only things found wrong with the aircraft
was a mismatch of over 100  between the primary ADI, which correctly depicted
a 67 dive, and the SAI which erroneously indicated a 40° climb. This pilot
had a reputation as a strong instrument pilot. - Had he been referencing the
primary ADI, the Board was certain he would have recovered (or at least
attempted). Their conclusion is that he was referencing the erroneous SAI,
located closer to the eye line. This raises the question of whether it wouid
improve matters to co-locate - the ADI and SAI, either side-by-side or
vertically. :

As hard as some things are to learn, once learned, they’re even harder to
forget. This applies to the location of switches, ejection handles and even
instruments, in this case, the altimeter. The mishap pilot had just completed
his replacement training unit course and had 50 hours in models with the ADI,
ASI, ALT, and HSI instruments arranged in a "T" (Figure 9). He then arrived
at his new base to fly newer models with those instruments arranged in a
"square" (Figure 19). The modification was accomplished by moving the
altimeter from the right of the ADI, to the left of the lower horizontal
situation indicator (HSI), placing it even deeper into the cockpit.

Having been at his new base about a month, this pilot was assigned to fly
a series of surge sorties, in which he awakened at 0200, briefed at 0300,
launched at 0400, flew some intercepts, then landed, +flew another sortie or
two, then headed back to quarters to try to get some rest for the next early
morning go. The mishap occurred on a pitch black night over a pitch black
range. This was his fourth morning, so first of all, if he wasn’t tired, he
should have been (although probably no more so than most of the others).
Second, he’'d been having difficulty acquiring his target, which was his lead

~ -
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aircraft, so was under some self-imposed pressure to get the talley. When {t
was his turn to be the interceptor, he thought he saw his target, called
"Talley", lost talley, then called "Talley" again from a position where he was
belly up to his target aircraft--no way could he have seen it. Over the
ensuing 1-1/2 to 2 minutes, he proceeded to lose 11,000 feet, impacting near a
lighted train siding. It so happened that a train had passed within several
minutes. It's possible that his Doppler locked up the train and that he
‘mistook its light for that of his target. Again, we'll never know. But just
suppose that he had decided to check his altitude during that pitch black
night (altimeter constitutes a fairly critical instrument on a pitch black
night over terrain devoid of height references), and not seen {t in the old
location, could he have simply deleted it from his cross-check? After all,
nothing was alerting him that he was going~downhill and he certainly did not
‘want to lose sight of that target again. ~

Or take another tack and ask, suppose the altimeter (or any of the other
critical control parameter instruments) were formatted for instant,
unequivocal recognition in such a way that they could be monitored by the
ambient mode or via a focal mode snap glance; might pilots be prompted to
cross-check them oftener and thus maintain their aircraft attitude/altitude
awareness with less effort?

That raises the question: In the Pilot Vehicle Interface, what does the
pilot really need to maintain attitude awareness? Attitude cues, airspeed and
altitude cues without requiring focal mode to dwell on instruments.

Have we considered adequately how the human perceptual system works or
what man needs by providing him a proper mixture of inputs to sensory channels
other than the focal visual mode? For example, analog, pattern, pictorial,
color, orientation; focal/ambient auditory displays; and tactile/
proprioceptive cues. Have we asked whether the aircraft "talks" to the pilot
by providing him a proper mix of auditory and kinesthetic cues?

The advantages of providing inputs to sensory routes other.than the focal
visual mode are that it frees the focal mode for tasks requiring focal mode
attention, promotes situational awareness, reduces the propensity for SDO and,
if formatted correctly, should reduce workload. Regarding workload, we should
recall that, most of the time, when a pilot looks at a display, he wants only
to know whether the parameter it represents has changed, and, i{f so, in which
direction, how fast and how much.

-~ Now in keeping with man’s pattern recognition abilities, why not design
instruments taking advantage of that innate capability and also utilize the
moving tape format so popular in the past? The moving tape lends itself well
to airspeed and altitude. Note Figure 20, in which the pattern of airspeed:
changes radically from one range to the next to enable recognition out the
corner of the eye, once one learns the pattern. In Figure 21, the altitude is
a zlg-zag pattern to create a side-to-side motion that might help catch the
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Figure 22: Proposed Heading Indicator
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pilot’s eye should he enter an unplanned descent with his attention directed
elsewhere. The pattern would again change radically below 10,000 feet. The
reason fog this i{s that certain out-of-control maneuvers, such as roll rates
over 100 /second, can exceed the fixating capacity of the eye, making
everything a blur. It would take a big, bold, instantly recognizable pattern
change in the altimeter at this point to alert the victim that the time has
come to recover the aircraft now or else eject without further delay.

While on the subject of display improvement aimed at reducing processing
time and workload, why not use the color pattern recognition capabilities of
the ambient mode for heading? As per Figure 22, the entire compass might not
need to be shown; perhaps the top one-fourth or one-third would be sufficient.

. The night-weather role needs mention again. Regardless of the original
intention in procuring the aircraft, if it has AF markings, it will sooner or
later be flown at night and in weather. To answer the question of why train

in night/weather, one has to look no further than a chart showing the average
weather conditlons for any typical 24-hour period during the winter in central
Europe (Figure 23). This pie-graph shows that about 40% can be expected to be
IMC. The reason we train night/weather is that we may very well have to fight
"there. ’ -

‘ The night role requires some special considerations. For the pilot,
fatigue 1s a given; reactions are slowed; perceptions impaired--especially
height and distance judgments; and he 1is more subject to 1illusions,

disorientation, distraction and channelized attention.

The aircraft needs special considerations, too. No 1longer is it
permissible to say, "It’'s a day VFR air superiority dog fighter," and wash our
hands of {t. That type of attitude constitutes negligence. For the night.

role, aircraft need, as a minimum:

o Better attitude references to include a large, primary dedicated
attitude display (PDAD) high in the center of the instrument panel.

o Critical control parameters formatted for {instant, unequivocal
recognition.

o Better cockpit/instrument lighting with minimal, if any, canopy
glare and reflections.

o Better formation lighting.

o No false horizons from external lighting.
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Well, with all that, just where are we headed in the design of the modern
cockpit? Note the F-15E and F-18 (Figures 24 and 25). No dedicated primary
ADI (it’'s on call on any of the multi-function displays but it is not there
all the time--which means that it is not there to alert the pilot that he
needs it). Each has an SAI, low in the instrument panel and effectively out
‘of view. On the F-16C/D, Figure 26, note that the primary ADI has been moved
even deeper than in the A/B, to a sort of "Y" cross-check pattern. Note,
also, all that prime real estate occupied by the HUD control panel. As an .
improvement, why not use that area for a primary attitude display, .as per
Figure 27, so that it displays attitude practically within the same field of
‘view as the HUD?

" 1f we do not set our priorities ngperly in the design of future
alrcraft, we're going to lose many of these ultra-expensive machines, and

their pilots, 1in training mishaps. The first priority is aircraft control--
and the ingredients of good aircraft control are an awareness of attitude,
airspeed and altitude.  Attitude control is basically a visual task. To

improve attitude control requires improved visual displays, as we have
attempted to {llustrate. But that’s not the whole problem. '

. Just as important {is altitude awareness--loss of altitude awareness
results In collisions with the ground, the controlled flight-into-terrain
(CFIT) mishap. Currently, CFITs outnumber SDO mishaps 2 or 3 to 1 (Figure
28). CFITs account for the largest proportion of operator error mishaps and
fatalities. To attack this problem, we cannot rely on vision. This 1is
basically a problem of alerting the pilot, whose attention 1is invariably
directed elsewhere, to check his flight path and pull up. What he needs are
audio warnings and alerts; effective, unequivocal inputs to his hearing
system. You'll hear more about this in the days ahead.

Finally, 1if all else fails, if the pilot 1s incapacitated, either
physically, as in G-induced loss of consciousness or hypoxia, psychologically,
as 1n severe disorientation/vertigo, or visually, as in laser/nuclear
flashblindness, the aircraft should resist crashing and recover itself. The
state-of-the-art 1is rapldly approaching the point of being able to do this,
and we are approaching the point of building aircraft that are simply
irreplaceable, dollar-wise, not to mention their occupants. You’ll hear more
about' aircraft that resist crashing and auto-recovery on Thursday.
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SPATIAL DISORIENTATION IN THE F-15

Major Merrill Beyer
Tactical Air Command, ASD/TACSO-A
Wright-Patterson AFB, Ohio

BIOGRAPHY

Major Beyer graduated from the Air Force Academy in 1974, majoring in
Aeronautical Engineering. After UPT at Webb AFB, Texas, he flew F-4's, then
had an OV-10 tour in Korea. . He then flew the F-15, accumulating 100 hours in
all models in PACAF, USAFE and TAC. His total flying time is 2500 hours.

Major Beyer served as investigating officer on Col. Kehoe's spatial
disorientation incident, the video tape of which introduces this conference.
Major Beyer's current position is Tactical Air Command Systems Officer, Wright
Patterson AFB.

The opening photo depicts an F-15 firing an AIM-7F during an air-to-air
engagement; it also shows the clouds with potential for a spatially
disorienting environment. This represents but one example of the kind of
weather in which an Eagle pilot must operate.

Today, I1'll discuss the attitude awareness problems that have been
experienced in the F-15 and then relate these problem areas to three operating
environments. A primary concern is spatial disorientation (SDO) during air-
to-air employment. '

The Directorate of Equipment Engineering commissioned a study entitled
"Investigation of Spatial Disorientation of F-15 Eagle Pilots,” which produced
Technical Report ASD-TR-81-5016, released August 1981. Although this document
is four years old, it remains the authoritative source on the subject. This
TR concluded that the following are rot major factors that contribute to SDO:

o Flight handling characteristics
Lo Bubble canopy
O Sitting helpht
o Cockpit design - the cockpit, in particular, is designed to minimize

head movements and provide easy access to the most commonly wused
items: UHF and IFF.
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On the other hand, these are the factors that do contribute to SDO;

Formation strip light asymmetry -

—— | ———

As can be seen from the diagram, the pilot must maintain his formation

position by using an unnatural sight picture. Whenever the wingman sees the
lights 1lined up, he is either flying dangerously high on lead’s wing, or,
worse yet, he discovers that lead has rolled into him. Because of this,
wingmen tend to fly further out to maintain a safety margin. Several

suggestions for improvement included vertical strip lights on leading edges of
the tails to enhance detection of lead’s attitude and closure rates, and
installation of a shielded light in the wings to illuminate the fuselage.

o Tail lighting - due to vibration, this is often inoperative, making
stern rejoins at night and discernment of bank angle difficulrt.

o HUD - though a tremendous aid to precise instrument flying, the
night brightness 1is difficult to control. One cannot see night
targets when symbols are bright enough to be used. Effectiveness of
the HUD as an attitude display will be discussed later.

o The Air-to-Air Environment - a problem area not discussed in this
study is SDO in the day-visual air-to-air environment. Shortly,
we'll review a videotape of a recent incident and analyze this urea
in more detail.

Spatial Disorientation Environments: We can group these problem areas
according to the method by which a pilot maintains his spatial orientation:

Instruments only

Instruments and visual references are used together

Primarily visual

Formation flying - a special case, actually a subset of each of the
above 3. '

0O 0 0 0
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Instruments Only (IMC - Day or Night): In this group, mishap experience
in the Eagle has involved the following two operations. Each case involved a

pilot unable to recover from an unusual attitude brought about by his SDO.

o Radar trail departure
o Lost wingman

Instruments -and Visual References (Partial IMC/VMC - Day or Night): In
the partial IMC/VMC environment, the problem these mishap pilots most likely
encountered was futile ‘attempts to maintain spatial orientation by wuse of
inadequate visual references. They delayed too long before "going to the
gauges."

0 ‘Night formation
o Attempting to maintain VFR at low altitude

Primarily Visual References (Day VFR - Tactical Employment): This last

group has had the least amount of attention. It is manifested on the gunnery
range, for example, when an F-4 pilot looks over his shoulder to watch his
bombs impact the target and flies his aircraft into the ground. It occurs

. frequently in the F-15 during air-to-air engagements over water.

AFM 51-37, Chapter 7 (Spatial Disorientation), states that, "On a clear
day,; spatial disorientation simply does not happen." To illustrate the error
in this statement, lets roll the video (VIR of Col Nicholas B. Kehoe, 1
TFW/DO, Langley AFB, VA, Feb 1985. For narrative, please see 1-5.)

Alr-to-Air Employment and SD: Let's examine what factors are at work
that enable a pilot to become disoriented when plenty of visual references are
available.

o False wvestibular perceptions vs visual dominance - one factor that
can be ruled out almost immediately is false vestibular perceptions.

Visual dominance is just too overpowering.

o Nature of aerial combat - To understand the problem, we must examine
the very nature of aerial combat.

- A pilot's brain is 1like a high speed computer, constantly

integrating three frames of reference: the earth’s surface, the
bandit's flight path, and his own. To bring ordnance to bear, he
must maneuver in relation to the bandit. This is drilled in

repeatedly during Lead-In-Fighter Training.

- Also, a fighter pilot’'s mindset is based on the admonition that

."to lose sight 1is to lose fight." He's going teo padlock his
attention on that bandit, which then becomes his sole frame of
- reference. Flying the aircraft and avoiding the ground are still
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"first priorities"” - but they often drop out in the heat of the
fight. ' '

- Fighter pilots are extremely competitive--keeping sight of and
maneuvering in relation to the Bandit quickly become his top
priorities. When I say that fighter pilots are competitive, I don't
mean to say they are undesciplined. This incident happened to the
Wg DO at Langley - a highly responsible full Colonel, not the kind
of guy who would be out there shining his rear end.

- Consequently, the cues that Eagle pilots use for spatial
orientation during aerial combat are: ' ' o

-- Bandit

-- Wingman

-- Horizon: Over water, through the horizon may register
such as, it doesn’t tell which way is up.

-- Ground references

-=- Sun

-- Clouds

Order of importance of the instruments:

The altimeter is probably used the most, followed by the HSI, the fuel

gauge, and the rounds count. Note the HUD is not in there, except for the
target display. If the target is in the HUD FOV, he’ll look at the HUD, but
the pitch scale usually doesn’t register: many pilots declutter the attitude

reference symbols, rejecting them anyway.
- HUD Deficlencies:

o Attitude awareness
o Recovery capability
o Failure warnings

The attitude presentation of the current HUD does not lend itself to easy
attitude interpretations--Col Kehoe 1looked into the HUD, "and it didn't
register." The instant he saw the ADI, he knew exactly where he was and what
he had to do. Recognition was instant via the ADI; so was recovery.

HUD Picture: This picture of a typical HUD display looks fine on paper,
but proves confusing and inadequate in the air. Note that everything can be
rejected (decluttered) except the Target Designator box and Aiming Reticle.
Even the FPM (of Velocity Vector) can be rejected in the Air-to Air Mode.
(Ed. Note: All the more reason for a Primary Dedicated Attitude Display right
below the HUD.)

Coupled with the shifted set of priorities during air-to-air comes the
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problems encountered in over-water airspace: put these all together and you
have the perfect set up for SDO. Happened a lot at Kadena.

o Blue sky/blue water
o Unstructured field - no discernable landmarks; denies the eyes
" anything on which to focus.

o Complacency - a problem on CAVU days: when you’re flying in IMC or
off the tanker, you expect SDO, so you are mentally prepared and
alert for it and keyed to it. That’s not so when it’s clear and a
million and you think you have all those visual references
immediately available. You’'re not as keyed.

Conclusions:

o Spatial disorientation in general: - How do we solve this problem in
the F-15? '

- Stress importance of ADI use

- Practice HUD-out approaches, especially for the new guys who
grew up in that simulator environment, and their assignment is
the first time they see a cloud.

- Lost-wingman procedures; once 1lead has disappeared, don’'t
hesitate to get on the gauges and go lost-wingman, and for lead
to supply critical information 1ike heading, attitude, and
airspeed.

- Radar trail procedures hammer into them: fly the aircraft!
First priority is to fly the aircraft, second, fly the SID,
then last try to get a radar contact on the Leader.

o Spatial disorientation during air-to-air

- ADI cross-check still important: even though it's DAY VFR,
guys are now aware of the fact that this can happen to them and
they still have to look at the ADI.

- Rewrite applicable portions of AFM 51-37 to provide pilots an
authoritative source.

- Along with that, move to incorporate vertifuge training with
visual displays.

That concludes my briefing. Thank you.
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AIRCRAFT ATTITUDE AWARENESS WORKSHOP
8-10 October 1985

Colonel Kehoe'’s Spatial Disorientation (SDO) Incident
In an F-15 During VMC

Narrator: Col Nicholas B. Kehoe, 1 TFW/DO, Langley AFB, VA

This tape transcription depicts at least the third such episode involving

SDO in an F-15 during VMC. All occurred during ACM over water. One involved
.an F-15 aircraft operating over the ACMI range at Decimomannu. Another, an F-.
‘15 aircraft operating over Lake Michigan. In this second instance, the sky

was a milk-bowl with blending of sky and sea and no good discernible horizon.
‘At the Knock-I1t-Off point, the F-15 pilot thought he was heading uphill, so he
simply lét go of the stick expecting to coast over the top. At that point, he
looked up through the top of the canopy and saw the shoreline. His initial
impression was that he was Iin an inverted climb, but then it occurred to him
he might be in an upright dive. He immediately checked the ADI and saw all
black. He pulled over 11 G's and missed the water by very little--way less
than 2000 feet, according to my source, Col (Dr) Leroy Gross (former F-15
pilot-physician).

Col Kehoe's incident occurred on a clear day with unlimited visibility
and good sea-sky contrast, and a distinct horizon. Through Col Kehoe does a
highly professional job of narrating this episode, he does not say on the tape
what it was that alerted him that something was wrong. In a telephone
conversation with him, he explained that what alerted him was a noise cue.
The aircraft sounded like it was going fast, (And sure enough, -it was over
the Mach). 1T think that's an important point to bear in mind--an auditory cue
to airspeed helped save Col Kehoe. Later on, you’ll hear about another of our
state-of-the-art single-seat fighters that lacks auditory cues to airspeed,
the F-16, which sounds the same whether going fast or slow, with implications
for attitude awareness,

" Now for the transcription of Col Kehoe's VIR,

I'm Col Nick Kehoe, 'Deputy Commander for Operations of the 1lst TFW,

Langley AFB, VA, I'd like to take a few minutes of your time to narrate an
incident that occurred a few days ago. Over the past few years, the TAF have
lost several pilots and aircraft for unexplained causes. We've attributed

those losses to GLC or in some cases to SDO, but we never really knew for sure
because those pilots aren’'t around to tell us what went wrong. I’m one of the
fortunate ones who is here and able to tell my story, and you're fortunate too
in being able to listen to this story so you'll have something to stick in
your warehouse of knowledge, so maybe it won't some day happen to you.
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Before getting into the details, 1I'd like to show you a short piece of
VIR from the flight just to set the scene, and watch for a couple of things.

First, as the merge occurs, watch the angles of bank, first a roll to 90°
right, followed by a roll all the way back to 135° left, a short roll out to
90° left, followed by a roll to the inverted position very nose low, followed
by the unusual attitude recovery. -

Second, watch how fast things occurred once that nose got down well below
the horizon. That unusual attitude took only a few seconds to develop. By
the way, the weather was clear and there were no restrictions to visibility.

All right, here goes. (Runs tape showing development of the inverted
dive and the dramatic recovery.) Get your attention? Needless to say, it got
mine. What went wrong here? :

The mission was a 2V2 CAP V sweep with me giving a flight lead upgrade
ride. We're the good guys, call sign Lion, and the other element, Wolf, 'is
simulating Soviet tactics; Wolf's heading south and they're in a bearing
formation to the northeast. They're the high element and their right hand man
is high.

Lion is flying north in a two mile split and we've offset our adversaries

to the right. We're the low element and I'm on the left hand side.  Okay,
let's take things up to the merge. (Plays VTR again while mnarrating 1it.)
Note just inside ten miles my radar goes into Home-On-Jam, then memory, then
breaks 1lock. I reacquire lock and quickly get a tally on one above me,

slightly right. So I reach the merge, tally one, with my threat and flight
lead off to my right. Next I roll right to acquire the second adversary who I
know is in a bearlng formation to the NE. I think I’'ve rolled maybe 30 where
the VIR shows 90° That’'s the first clue that somethin ng ‘s wrong. I miss it.
At that time, Llon one calls for a blow through to a 030" heading. I check my
heading, my fuel, and call joker, then look for the second adversary. Notably
I don’t check my attitude inside or outside. Now I roll to what I think is
wings level. The VIR shows a roll from 90° right, all the way to 135° of left
bank. I then roll out to about 90° of left bank. Remember, only a few
seconds have elapsed. It is at that time that 1 pick up the second bandit
over my canopy rail at about one to two o’'clock. Note that when I'm in that
90° of 1left bank, I think I'm straight and level. So while I think I'm
looking over my canopy rail down at the bandit off my nose to the right, I'm
actually looking up at the bandit. Better situational awareness would have
told me that. My next intended move is to check left and pull my nose wup
slightly. What I actually do is roll from 90° to near inverted and pull my
nose down. It's very qulclly after that that I realize something is wrong.
I'm now inverted, 60-70% nose low and over the Mach. I look outside for an
attitude reference, but it doesn't register.
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Let me tell you, from an inverted 60-70° dive, it's difficult to get your
bearings, particularly when your gyros are already off track. Anyway, I
immediately come back inside to the ADI and see black. From there, it was all
instinct; roll to the horizon and pull for all you're worth, with both hands,
as it turns out. I also wound up doubled over the stick and looking at the
floor. That's just great when you're trying to recover from an inverted 60-
"70° ‘dive, and aren‘t sure how far you need to roll and pull. The aircraft
bottomed out at 2000 feet.  But that's not all. As my nose comes through the
horizon, I'm still rolling left. I've taken my right hand and put it on the
right console to push myself up off the floor. My left hand is on the stick.
As I get to where I can see the ADI, which is the only thing I'm interested in
at that point, I'm slicing through the horizon again.

. What happened is I bottomed at 2000 feet, came up through the horizon in.
a rolling left bank, topping at 3000 ft then sliced back down through 2000 ft
before making the final recovery.

All right, 1let me show it all the way through again one final time.
(Note the time from first rolling inverted to realizing something was wrong
was about 4-6 seconds, and from then to full recovery another 18-20 seconds.)

So, why did it happen? One of the basic tools in a fighter pilot's tool
bag is a good cross-check, IMC, VMC, day or night. How many times have you
heard that? I dropped that tool out of my bag on this engagement and it

almost cost me. I violated one of the fundamental principles of single seat
flying. 1 got caught up in keeping track of everyone at the merge except one,
and that's me. I overlooked the number one priority: What was my airplane

doing? That's the bottom line. We've learned that time and again. And I did
that in an airplane that doesn’t give you as much outside sensory cues, as
much feel if you will, as did the F-4. And I understand the F-16 is even more
that way. So what do we learn from an incident like this?

First, it can happen to anyone at anytime. I have over 3000 hours in
fighter type aircraft and have flown in virtually every conceivable
environment. I've had vertigo before, but I never thought anything like this

could happen to me.

Second, the environment. It was a clear day, virtually no haze. We talk
a lot about the over water sea-sky contrast, and it’s a good thing we do
because it’s different. When I was nose low, inverted and over the Mach, it
didn’t register. Luckily, the ADI did. At Langley we put a lot of emphasis
on the ‘danger of frequent over water air-to-air training.

Third, procedures--you know, those unusual attitudes you've practiced

over the years. It's important your reactions be instinctive. Someone told
me after the flight that if I had delayed by two seconds--just two seconds--1I
wouldn't have had enough altitude to recover. That's not much margin for

error. It happens fast, real fast. 1 was also asked if I believed the ADI.
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You bet I did, just like the book calls for in an unusual attitude recovery.
It had a lot higher reliability than my vestibular canals.

Finally, one thing we might not normally think about: after-effects.
After I recovered and was headed home, I found it very hard to concentrate. I
essentially did everything correctly, but I found it real hard to do it, 1

decided to take the lead and have my wingman keep a close eye on me. Whether
it was the adrenalin, the effects of the G’s or the disorientation, I don't
know. The point is, it’s important to realize that when a flight member has

a serious 1incident, don’'t assume everything’s okay just because you're
straight and level and headed home. It doesn’t end till the flight'’s on the
ground.

One more thing that's inevitably asked is the effects of the G's, I
pulled nearly 12.5 G’s in recovering that aircraft, and I've been asked
whether I blacked out. As far as I know, I didn’t. Remember 1 was bent over

the stick with my head below my heart, and I can distinctly remember looking
at the floor and putting my right hand on the console to push myself up.

_ I don't recommend that as a GLC avoidance maneuver, but maybe that plus
the adrenalin made a difference. The reason I mention it is I wouldn’t want
anyone to get the idea that you can beat the G's. I certainly don't think 1'd
win that battle in the normal day to day business.

Well, that's my story. 1 tell it in the hope that you'’ll add one more
bit of reinforcement to your fighter-pilot's tool bag. I know 1've learned a
lesson and I hope you have, too, Check six, but don't forget to check your
nose position, too. Head’'s up.
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PILOT'S VERTIGO AND ATTITUDE AWARENESS IN THE A-7D

Captain David H. "Zack" Zayachkowski
Louisa Station, Santurci, Puerto Rico

BIOGRAPHY

Certificates and education: Commercial Rating; Multi-Engine Land;
Instrument Rating; Single-Engine Land; M.A. - Human Relations and Management,
Webster College, 1979; B.S. - Bilology, Eastern Michigan University, 1971;
Qualified - Investigator, Safety Investigation School, USAF, 1978; Squadron
Officers School, USAF, 1976.

" Aircraft experience: B-707/720, DC-3, A-7D Attack Fighter, T-37/T-38
Trainers, Light Aircraft.

Flight . time: 2,768 Total, 1,833 PIC, 1,335 PIC (Jet), 2,023 Multi-
Engine, 1,500 Cross-Country, 702 Instrument, 290 Night.

Military Airlift Experience: May, 1971 to January, 198l. As a Pilot and
Co-Pilot in Command, experienced in flights involving cargo and passenger
transport throughout the United States and overseas. Operated under all types
of adverse weather conditions at airfields ranging from major international
aerodromes with high density traffic to small, 1isolated airports having
limited navigational aids.

Aviation Management Experience: Directly supervised eleven personnel as
Airfield Manager monitoring all aspects of aerodrome maintenance and
operation. For a period of two years, acted as Safety Officer conducting on-
site investigations of accidents to determine extent, cause and
responsibility. As Officer Controller from 1974 to 1976, in charge of all
flying as well as non-flying activities throughout an entire air base with a
personnel involvement of approximately 2,000.

USAF Flight Instructor: Responsible for Flight Instruction at all levels
to include: new pilot training, instructor training and up-grade training -
both U.S. Military and Foreign Nationals. '

Civilian Experience: Previous experience encompassed Contractual
Maintenance and Service Vice President for Zelda Elevator Company; insurance
sales. for Wisconsin National Life Insurance Company; 1insurance investigation
for Equitable Life Assurance Society of America.
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The A-7D was designed in the 1960’'s. The A-7 was the first aircraft with
a HUD that caused problems for pilots geared to the old "I" and ADI hub. Need
to move the stick to see the HSI. SAI impossible to see from high seated
position. Vertigo traps to sides: TACAN, ILS. There are too many switches;
they say, "lt’s just another switch, but there are alrcady so many of them.

Sit high - canopy rail low. Susceptible to canopy glare and reflections
at night. Flying around Puerto Rico at night causes canopy glare and
reflections. Lighting barely adequate; instruments cluttered - out of view -

poorly lit.

First HUD system: I use it for limited functions: bombing and air
combat maneuvers (ACM) - not for instruments. When flying in clouds or with a
x-wind, the flight path marker (FPM) slews out of view leading to spatial
disorientation (SDO). HUD is not recommended for IMC. ADT is the primary
instrument.

Day IMC has led to SDO; a flight lead got it while flying off the HUD.
He flew into a cloud and attained 135% left bank and 20° ND before realizing
anything unusual.

Wingman: worst position - especially being #4 at night; therefore, we
fly only two ships. The formation lights are not adequate, especially if
they're not working. Even working properly, they only light up the aft 2/3 of
the ship, making it appear as though the aircraft is farther away than actual.
No way to teach vertigo coping to a wingman except do it,

Automatic Flight Control System (AFCS) malfunctioning: HUD tied to the
system; you should never, never land. Must first turn it off or it becomes a
B-52. Tough enough to fly VFR - night IMC impossible.

Speed brake - 10' long - stops aircraft on a dime; produces a Coriolis
effect at night or in the weather.

Low Level Bombing - line abreast: at 540 kts, a 1° descent from 50 feet
AGL provides only 3 seconds Time to Impact (TTI).

Smudge pot flares at night: leads to Star Wars Effect (SWE) on night
ground attack - especially pulling off the target; going from lighted terrain
and sky to pitch black produces the SWE and SDO,

Fog - all factors - night ground awarencss. Need to watch altitude and
stay on instruments.

Night rejoin - lost #4 on normal/normal night rejoin following some range

work. Lost SA rejoining on the line; he apparently thought he was climbing
when, in fact, he was gradually descending into the trees.
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ACT - not supposed to do it in weather/clouds but may enter unforecast
weather or sun. In Puerto Rico, over water, winds are usually light/variable,
10 kts from east; do not disrupt sea. Over a smooth sea, it’'s impossible to
gauge your height.

Intense maneuver - 4-6 G's: big player - tough to get back on gauges.
Aerial refueling - bad.

Key: ©be aware - always be aware of attitude, airspeed, and what'’s going
on around me. What I do if I lose these aspects of situational awareness 1is
say, okay - knock it off. Trouble with young guy is competitiveness: pulls
that extra G, trips over his fangs, hangs in there too long, and gets into
situations he can’t resolve.

Fatigue - big contributor in SDO

Hangovers - 12 hrs bottle to throttle is insufficient; I think that
24 hours is required for all residuals of alcohol to be eliminated
from the body's system.

Diet - Wendy's, MacDonald’s - fast food - bad.

Physical Exercise (PE) - now being recognized as more important.
A-7 - not that much different from the F-16.




F-16 SPATIAL DISORIENTATION

Major Arthur F. Fowler
56th Tactical Training Wing
MacDill AFB, Florida

BIOGRAPIY

Flying Experience:

Trainer -223
F-4 -2,000
F-16 -800

Combat (F-4) -385
Awards:

DFC 3, Air Medal (14), Meritorious Service Medal,
Commendation Medal (2), Outstanding Unit (2), National Defence, Armed
Forces Expenditionary, Vietnam Service, Longevity, Small Arms, REP of
Vietnam Gallantry Cross, Rep of Vietnam Campaign.

Education/PME:

Master of Business Administration (MBA), University of Western
Florida, 1980 _

B.S., Mechanical Engineering, University of Utah, 1969

Air War College '(Seminar) 1985

Command and Staff (Seminar) 1981

SOS (Residence) 1975

Assignment History:

UPT, Laredo, 1969

Seymour Johnson AFB NC, F-4 1970-1972 (TDY Ubon RTAFB 1972)

Rivet Haste, Nellis AFB/Udorn RTAFB, F-4, 1972-76

414 FWS Nellis AFB (FWIC student instructor), F-4, 1973-76
- ASTRA Norton AFB, CA 1976-77

56 Comp Wg, Osan Korea, F-4, 1977-78

4485 Test Sq, Eglin AFB, FL, F-4/F-16, 1978-80

4484 FWS (WSEP), Eglin AFB, FL, F-16, 1980-81

388 TFW, Hill AFB, NV, F-16, 1981-84

56 TTW, MacDill AFB, FL, F-16, 1984-Present
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We're standard people - we have fears - I've flown over 2000 hours in the
F-4, including combat and night; no spatial disorientation (SDO). F-16 - SDO
is a fact of life - occurs everytime I fly at night/weather. I don’t want to
fly the F-16 at night and don't know any F-16 pilots that do.

We had a recent scramble to get the aircraft away from a hurricane -
Friday PM party at Squadron Commander’s; told we might have to fly emergency
deployment the next AM - arrived home - phone's ringing - we deploy to
Homestead at 3 AM. No one wants to fly at night or in the weather - raining
so hard you couldn’t see. If we had to eject, know we wouldn't survive. F-16
was not designed for the night/weather role.

Bubble Canopy: Sit up high:

o Laminations - 2-3 images - aerial refueling light, landing light,
VASI's. :

o No canopy bow - don’t want it back.

° Glare and reflections - impede outside viewing; if turn lights down
to see out, can’t see any instruments. » '

o Formation lights - from tail on, there’s just one white light only -

almost impossible to see; exterior lighting not designed for night
or weather either.
o Wing tip lights - blocked by missiles.

) One big 1light on tail but only one in front - not like F-4.
o You can’t fly weather-formation in F-16 - put wingie 5 miles on your
trail - it's getting to be a standard in the community. If T know

I'm going into the weather, I get wingie in 5 mile trail. 1 do not
take him in on my wing. .
o - Instruments way low out of view - unless things are changed in the

F-16A/B, we'll have to live with it.
o 1’d like to have an ADI about 6" big, in front, at eye level, so no

matter where I turn my head, it's right in perfect view.

Where the ADI sits right now, you have to transition from outside to
inside totally,; you cannot use both of them (stay out/in) at the same time; in
other words, with the present display situation, you cannot quickly come from
outside, or from the HUD, to check attitude, and get back outside onto the HUD
immediately.

The HUD lighting is such that if you turn it bright enough to read what's
in the HUD, you can't see through it very well. So as a general rule, we'll
turn the HUD down to where we can just barely see it so we can see out front.
That is not only doubled, it is tripled at night.

When 'I go in for an air-to-ground pass, I can’'t turn the HUD down far
enough, even with all the filters on, so I can see the ground and the target
real well. I have to turn it all the way down and then I just have to guess
because the CCIP and the other instrumentation out there is just too doggone
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bright. We talk about HUD symbology, FPM, the pitch ladders; most of the guys
just turn ‘em off because they clutter so much that you can’t see out. Ve
teach guys to turn 'em on enough so we can review your film later on but it's
very difficult to use ‘em because of cluttering and brightness.

Interior lighting - terrible. Canopy lighting must be turned up to read
any instrument - worst is the DME on the HSI. Can't even see that unless you
turn all instrument lights real bright. And there are no individual

rheostats. I would’ve thought that when we went to individual rheos on the F-
4, we'd have learned something. All the lights - there are two sets: 1 can
turn up the ADI and ALT and turn everything else that's not being used, down.

The radar - in the F-4 at least we had a radar filter. Not so in the F-
16, so if you turn the REO on, first it blinds you, and you can see two or
three radars off the canopy, and then if you put a piece of red cellophane on
it like I did, you can't see it very well. Or if you turn the REO down to get
rid of most of the glare (and I'll guarantee you can't get rid of all of it),
you lose some of the targets on your scope. So the aircraft, as I've pointed
out, was not designed to be flown at night.

Flight characteristics: It's the neatest aircraft to fly and it’'s easy
to fly because we put limiters on it.

There's no feel to the stick. You can’'t tell airspeed changes or how
much you’'re pulling.

It's very quiet and provides no noise cues. When the F-15 hit 600 kts,
you could tell--not so in the F-16. It's very quiet.

What would I like to see done to the F-16? Don’t think night aircraft
role should be single seat - think they should use B models and put all the
equipment and navigation stuff in the rear cockpit. . Don't think LANTIRN
should be single-seat. -

Ground Warning Systems - We’ve talked about ‘em for aircraft 1like the F-
16 for years. And we still don’t have one - but they could have put a simple
one tied in like our Bingo fuel which just flashes if the altimeter hits the
preset altitude which I've dialed in; it just gives me a tone. They could
have done that years ago but they're waiting for an RA and other fancy things
and we still don't have it. 1 think that could have saved several lives in
“the F-10. So we nheed some gsort of o warning, tene, a sluple one; don't pet So
dogpone coswlc, et It to us snd get 1t to us tomorrow hecause thls is  when
we need it By the time we get it, 1 won't be flying, and 1 want it now so I
can continue to live,

o We need a big ADI

o We need rheostats
o We need REO night filters
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o We need the instrument group moved up to where we can see ‘em, so0 you
can transition from outside to inside easily.

And one thing I'd like to stress because I’'ve heard a lot about it here
(I hope that's wrong); that’s improving the HUD, improving the HUD, improving
the HUD. Well, the HUD was designed for one thing - that’s a weapon systems
platform. We ought to quit talking about flying instruments on the HUD. The
HUD should not be an instrument to fly instruments with. It ought to be used
for what it was designed - that’s to drop bombs and kill MIGs. When it comes
time to fly instruments, use the primary ones. Don't use that one that is so
spatially disorienting. And if we can do that, I think we’re a long way away
from the accidents that are caused by SDO.

Don’t teach guys to use the HUD. Teach 'em to, if they want, to turn the

doggone thing off when they’re flying instruments ’‘cause it’'s not needed. Go
back to primaries. That's my little pitch about the F-16. I'm open for
questions.

‘Editor’'s note: Unfortunately, Major Fowler's Question and Answer session was

not recorded; the following are excerpts from notes taken at the time.)
Maj. Harold Gonzales, Hill AFB: HUD is useful for wind-direction data.

Mr. Joe Bill Dryden, GD, Ft. Worth: Many of us use the HUD, the difference is
probably in experience, background and especially training. Training use of
the HUD 1is crucial, and when one is properly trained, he "can fly good
instruments safely by the HUD.

Another Pilot: Looking at the world through the HUD under certain conditions
can cause confusion and spatial disorientation.

Mr. Robert DeGiorgio, Lear Siegler Astronics, Santa Monica: I use all my
instruments flying the A-7, including the HUD. Being emotionally aroused
contributes to SDO, buy my training has helped. Maybe we're not giving

sufficient instrument training, especially at RTU, before sending new-to-the-
Air Force F-16 pilots to foul-weather bases like Hahn or Kunsan.

Dr. Richard Malcolm: There are two aspects to the orientation decision - the
macro or big picture and the micro picture. The HUD provides only the
micropicture - a vernier scale that calibrates the outside world, like loocking
through a 160 porthole. It does not provide the immediate Big Picture as does
an Attitude Indicator. Whereas oldsters use all the old tricks, newbies may
not have as strong an idea of the macropicture: you first must make the macro
decision - am I upright or inverted? Then, am I climbing or diving? And if

so, about how much? An analogy is in reaching for or grabbing an object.
The brain’s initial orders are ballistic - then fine tune. The HUD only
enables fine tuning - which is only the latter half of that orientation

1-7-4




decision.

Another Pilot: The HUD is primarily a weapons system - to simply calibrate
that porthole on the world. Even if everything were up there, would still
want head down instruments.

Another F-16 Pilot: I’m not sure we can attribute fatal class A's to the HUD.
Many of these mishaps involved experienced fighter pilots. Maybe we need to
fix the cockpit, canopy, feedback, etc. '

Col. David Milan (Fromerly F-16 Joint Test Force Test Pilot): Several of you
have expressed rather extreme opinions regarding the HUD, mnot necessarily
regarding mainstream. Others use it primarily.

B/G Pruden: My experience corresponds to Maj. Fowler. In weather, I tend to
go head-down. The real issue is not HUD vs. ADI - we need to maximize the
technology to create something that'’s better than HUD or ADI - maximize the

information cross-tell from all these instruments and sensors.

Mr. Bill Wilson: ENASI, WPAFB: The Avionics guys need to know whether it's.
to be head-up or head-down, or both. Comment: Maybe the answer is that the
pilot needs both: the HUD for the micro-picture, and a big attitude display
immediately below the HUD to provide the macro-picture practically within the
same field of regard.
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OVERVIEW OF
HCOW THE BRAIN AND PERCEPTUAL SYSTEM WORKS

Dr. Richard Malcolm
Maltech Research Corporation
Qakville, Ontario, Canada

IOGRAPHY

Richard Malcolm was born in Ottawa, Canada, 1in 1941, where he received
his primary and secondary 2=ducation. He enrolled in the Royal Canadian Air
Force in 1959. Through the ROTP, he attended the University of Ottawa,
majoring in solid state physics, and earned an Honours B.Sc. His summers were
spent at the RCAF School of Aeronautical Engineering, and during that time, he
undertook course work in guided missile and space technology.

In 1964-65, Richard was granted leave from the Air Force and earned an
M.Sc. 1in Nuclear Physics from the University of Ottawa. Principal areas of
study were on the scattering and detection of high energy neutrons. Upon
return to the RCAF in 1966, he was posted to the RCAF Institute of Aviation
Medicine in Toronto, Where he was responsible for designing a nuclear scanner
for use on the human centrifuge. Richard’s inventiveness resulted in a
product which was ten times more efficient at detecting radiocactive Xenon than
the best commercial devices of the time. He also was the co-inventor of an
automatic blood pressure measuring system. Machines based on this principle
are now standard in intensive care units throughout the world.

From 1967-70, Richard was posted to the Aviation Medical Research Unit of
McGill University, Montreal. While there, he studied the perception of
motion, and how the nervous system adapts to motion. At the same time, he
held teaching appointments in neurophysiology, neuroanatomy and biophysics.
During this time at McGill, he earned a Ph.D. degree in neurophysiology.

In 1970, Richard was posted to the Defence and Civil Institute of
Environmental Medicine (DCIEM), "in Toronto, Canada. He published numerous
papers in scholarly journals on the workings of the organs of balance, and
while at DCIEM, was a member of a Joint Canadian/United States team doing
research on the NASA Space Shuttle. He was one of the two Canadians
~designated to fly as a mission specialist on the Space Shuttle.

During this time, Richard patented a number of inventions, including a
completely new concept of avionics for use by pilots flying on instruments.
This system has been tested by military and civilian agencies in both the U.S.
and Canada with favourable results, and the "Malcolm Horizon" is now expected
to become a standard flight instrument over the next decade. This invention
is now being manufactured by Garrett Manufacturing Ltd.
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Roughly half of Richard’'s time since 1370 has been spent in the study of

nutrition. The majority of information published ‘on this subject s
inaccurate or misleading, and Richard undertook to trace a large body of
nutritional writing back to its original sources. The results of this

exercise is a body of knowledge which {s scientifically accurate. Richard has
frequently lectured to groups of professional health care disciplines on
nutritional subjects, and 1is often consulted by medical practicioners
regarding their patients.

In 1979 he vretired from the Armed Forces with the rank of Major and
founded Maltech Research Corporation. Maltech {s 1in the business of
developing new products for f{ndustry. It assesses the technology, arranges
the financing and puts together a team to develop each new product. It then
. manages the project to the point where it is licensed to a manufacturer. The
company has handled projects in such diverse areas as: blood sampling
equipment, an all-terrain vehicle, an inflatable sleeping bag, robotics,
microwave telecommunications systems, nuclear magnetic resonance detectors,
time-of-use metering of electric power and data interface terminals.

In 1983, some of Richard’s pioneering work in neurophysiology was
recognized when he was asked to give the Howard G. Baker Lecture to the
plenary meeting of the American Laryngological Association and the American
Neurological Association in New Orleans. He was also accorded the honour of
presenting the 18th Harry G. Armstrong Lecture to the Aerospace Medical
Association, in Houston, Texas in "recognition of his outstanding contribution
to the field of Aerospace Medicine".

What I'm going to try to do i{s to present to you an overview of how the
perceptual equipment in our bodies works. And Grant has given me one hour to
do this, which is a life study in its own right. I'm going to take the added
task of doing it in non-technical language because I think that if we can
understand it in the English we use every day, then we’ll be a long way
farther ahead than worrying about whether we really know what these terms
mean. Now there 1s a lot of technical information that I am going to be
presenting to you in this mode and I don’t want to so much focus on that, as I
would like you to just sort of get a feeling for the subject. And the feeling
I want to use the information on the slides to convey to you, the feeling that
I want you to take away with you, is the richness associated with our everyday
sensory experince. It's no good to talk about a visual experience, it’'s no
good to talk about, say, a hearing experience; all our waking experiences are
enormously rich. They include the room around us, the feeling of our clothes,
how we happen to feel internally at the time, as well as, our emotional state
assoclated with the sf{tuation at hand. When we form a perception, and then
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ultimately, a memofy of that event, that memory or perception contains all

that information tagged on to it. And if ever we want to refer back to it, we
get the whole thing back. If ever we want to make a decision, the experiences
we've had that have similar tags on it also come into play when we make this
decision. So the act of perceiving, the act of cognition, where we do
thinking about things, where we manipulate those perceptions in our minds,
those acts always involve the full panoply of perception, the full sensory
experience. So what I am going to do now is show you a whole series of slides
which 1is designed to give vou an awareness of the machinery of perception and
just how diverse that machinery is. I'm going to start off showing you the
very basis for perception.

The very basis for all perception is, of course, the nerve cells,"
" (Figure 1, a typical neuron) and I want to give you just a little tiny run
down on how the nerve cell actually works, what electrical events take place
‘when we fire a nerve. A nerve is made up of a cell body in which there is a
nucleus. The nucleus i{s the factory that makes all the food that goes into
feeding this equipment and allows it to grow. An electrical event takes place
in there which causes. an electrical discharge, a voltage to go hopping along

this pipe and to different places, and it is always one direction. In other
words, it will go along this wire, called an axon, to another place. Or it
might branch out here and show up at these terminals. (Terminal boutons or

synapcic knobs.) So that's the way information gets from one place to
another, electrically.

Now nature had a problem to solve, though, in getting all these
electrical connections encased in this tiny head box. You need to understand
that in terms of connections, the actual physical connections between nerve
cells, there are more of those connections in our head than there are stars in
the entire universe, that we know of. Now if you did this electrically, the
interference problems would be awesome. So what nature has chosen to do is a
different thing. Those little connections that we saw out here on the side
actually form not an electrical bridge but a chemical bridge (Figure 2,
electron micrograph of three synaptic knobs lying against the membrane of a
dendrite), and so those little buttons line up on the surface of that big
blobby cell to which it wants to Transfer information, and there are these
things called ' synapses which .are 1little tiny spaces between the two
electrically excitable tissues, and you can see that they measure about one
micron of gap-width. So you are looking at something which is starting to
approximate a number of molecular diameters and that’s all. And when that
electrical field comes down to the end of that button it causes some
chemicals, which are stored up here, to be released and to migrate just
through diffusion down onto the tissue beneath them. When it gets here, to
the tissue below, 1t causes that cell here, to reinstitute that electrical
event. That discharge, that electrical spilke, .is then propagated onto the
next one. And so there are two things that I want you to take away from here.
First of all, that perception is an electrical event. All thinking, all
feeling, all events of which we are aware that go on in our body are simply




Ag!!o-lwl.! NI » t

dend it

. . \ / l_" ' | ‘_-,".:.,,
\:\/ “I ‘ 7’ T

. .« 2
cell body --- \ ~
(soma) J é ( Yy / .
Py s @ ! % - . t
) . / ‘4l- y - \

- TV LEETV]#3Y

b g TN IR Y AT

» -

te n’cl‘h | L

collateral gaon

Figure 1:;

A typical neuron.




¢-8-1

Figure 2

meémbrant

- Synaptic actinty

synaptic Jeuicle

Sy naptt{ Knep

Electron micrograph of three Synaptic Knobs lying against the

membrane of a dendrite€ ( Mt Patay 191l




electrical events; and second, the transmission from one place to another
always = occurs over these junctions which are chemical. And that means that,
say there was an electrical interference in this area, I can’'t have that
interference turn that particular cell on; it has to actually influence the
chemistry before I can propagate on to the next layer of central processing.
So i:'s a very crafty way that nature has got around the business of
compacting electrical equipment into the small case and not having a lot of
cross-talk.

Now, it has been worked out to a reasonable degree how that molecular
chemistry works, (Figure 3, a model of synaptic transmission). It seems that
when the electrical spike or depolarization arrives here at the membrane, (and
this 1is the gap that was called a synapse), it releases that neurochemical,
and these litzle chemical molecules come along here, (and normally the
channels, these channels through which ions can flow, are blocked by molecules
which occupy these sites) and it {s thought that the chemical that {s released
up here at the orignating axon crosses this synapse, and when [t gets down
{into this area on the receiving nerve, 1{t opens the channel, so to speak. It
just causes the blocking molecule to move out of the way, and allows a flow of
sodium Iin. - Actually, that's why our bodies contain so much sodium. It’'s a
very important chemical to us. The neuro-chemical moves the blocking molecule
(like opening a door), and allows sodium to go rushing into this interior part
of the receiving cell down here. That transmission of the current like that
causes the membrane of the cell to propagate that electrical pulse 'all the way
down -to the end of that cell and on down to the next one of these sending
units, or synapses.

- So that's how perception takes place. When I bump my toe, I cause that
electrical event to come along the nerves and waystations all along here and
‘go through a whole series of these things, where it is electrical, chemical,
electrical, chemical, all the way up into the brain. And that's why it takes

- time. It's not an instantaneous reaction; it doesn’t travel at the speed of
‘light, in fact, pain fibers are very slow. They might only travel a meter per
second or so.  You can appreciate that if you do bump your toe; your first

reaction 1is’' to pull your toe away because the touch and pressure fibers are
very fast. They might take 200 m{lliseconds to get to the brain, yet the
sensation of pain grows over a perfod of 1 or 2 seconds because it takes that
long for that pain message on the slower fibers to get up to the brain.
That's one of the things you need to bear in mind, that the information takes
time to get from one place to another. And that has proven very useful for
physiologists 1in mapping out how the brain is actually organized because you
can measure the time it takes to get to different places. -

Now, how does bumping my toe or touching something or smelling or seeing
something actually take place? How do I convert a mechanical or chemical
event, or a taste, or light event in the retina of my eye; how do I convert
that into the electricity in the first place, into the signal which is ' then
carried on to the brain? Well, a very generalized model is as follows,
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Figure 31 A model of synaphetransmission (a) Release of transmitter sub-
stance from a synaptic vesicle through the presynaptic membrane, Molecules
of transmitter substance open pores in the postsynaptic membrane when they
impinge upon it. (b) The postsynaptic membrane enlarged. Moleculesof trans-
mitter substance occupy receptor sites on the membrane and move the ddja-

cent barners at the openings of pores through the membrane (Alter tocles,
1964.)
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(Figure 4, receptor cell model). The thing you need to remember is that this
is not even tvpical, it just explains the process. In fact there are at least
20 different types of receptors spread throughout the body; we will talk about
what some of them do in a moment, but first you have to understand how they
work. You can see that there is a specialized cell. Why specialized? Well,
very early primitive animal, (and by primitive animal I don’t mean someone who
doesn't fly,) what I mean is a very simple organism, very 1low on the
phvlogenetic scale. They used to have maybe only one or two different kinds
of cells. And cells which, say, we would call muscle cells since it causes
things to move, might also be a receptor, so that the particular animal might
be caused to move as a result of the chemical stimulant. An example would be
a simple organism in water: when chemicals are present they swim faster to
get out of the way. Temperature would also affect them. They would swim
faster in that particular environment and they couldn’t distinguish between
the two. Something made it go faster. There could be maybe five different
things that could make it go faster. Well, when you have that kind of sensory
apparatus, what happens is that you-can’'t distinguish between different
events. They all feel or are perceived the same by simple organisms.

Well what we who are higher up on the phylogenetic scale have done as a
strategy is we are going to specialize. Specialty means that we have to have
diversity. That means that you have to have lots of different things capable
of distinguishing between temperature and light and different chemicals in the
environment, and pressure and touch and vibration and sound and so forth; but
when you have that diversity, 1t also means that you have to have a lot of
equipment which is going to use that information. And that'’s why we have a
big brain. It’'s because all that richness of experience is now offered to us.
We now have to be able to distinguish the significance of events which are
different in terms of their quality. The mechanism for doing that 1is a
sensory nerve cell,

Here 1is the nerve, 1itself, which is going to carry the information on
towards the central nervous system. And what seems to happen is that there is
a special receptor cell in most cases, and it could be stimulated. It could
be light that is stimulating it, it._could be touch, it could be whatever turns
this on, what literally causes that chemical reaction in which sodium, again,
flows into 1it; and the 1little pump inside pumps the sodium back out,
maintaining high potassium on the inside. This: is simple chemistry. That
action of the sodium flowing in and being pumped out again sets up an
_electrical field, and that electrical field is now felt by the sensory nerve
ending here which turns on that nerve fiber and sends electrical impulses down
along the path that it’s intended to go. That's the basis for all sensation.
It's the conversion of the event to be sensed into an electrical pulse.

There are other ways of doing it which are a little less sophisticated,
and in this particular case (Figure 5, a free nerve ending) it is thought that
in these three nerve endings, just the act of bending it stretches open these
lictle pores along here which allows the sodium to flow in, and that sets up a
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Figure 5:  lon flow through pores opened in the membrane by mechanical
distortion of a free nerve ending
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current like that-and the pump is out here pumping it back out and all that is
enough to depolarize that membrane and cause the information to start on its
path towards the brain.. So that’s the basis of sensation. It starts at that
point. Interesting things. '

Let's go a little bit farther into detail to show some of the finesses
that nature has played. This particular sensor (Figure 6, called a Pacinian
corpuscle), is thought to be mostly a vibration sensor, because it adapts very
quickly. What happens is that it is a mechanical thing (they're embedded in
the skin); if. you compress it, for instance, and if you squish the top, these
lavers, which are 1like the layers of an onion, distribute the force

mechanically over the whole length of the receptor part. And again, because
ft is a mechanical thing, the distortion causes a current and then a spike of
electrical activity to be propagated. Two points: these onion skin

arrangements are a way of damping the reaction; it allows the reaction to not
take place so instantaneously; 1t provides a sort of response time constant
which you will see here (Figure 7, generator potentials from a Pacinian
corpuscle during application of an electrically controlled tactile stimulus).
You'll notice that if you are given an instantaneous spike, (which is the top
line on the upper left diagram), if you push this thing very rapidly, then the

electrical activity rises very rapidly and very rapidly decays again. But,
conversely, if I push a little slower (as at the upper right),; the electrical
activity rises slower and decays at the same rate. And 1f T push really,

really slowly (as at the bottom diagram), at the same amplitude, but I just
take a long time to do it, you'll notice that the electrical activity doesn’t
get very high. That's part of the richness. The response that we have is not
all-or-nothing; even though the electrical event is all-or-nothing (the nerve
cell either fires or it doesn’'t fire), but it’'s pulse-coded frequency
modulation. And that means that I have an analog signal in a digital form.

Now I have instantly converted this analog thing here into a train of
action potentials, a whole series of little electrical spikes that are fired
in time and the rapidity of the firing is the thing that I am measuring. What
I want you to notice is that I now have analog information. The firing of
these cells would tell me how fast that particular corpuscle got pushed. All
right, 'that’s part of the richness that I am talking about. We can not only
discriminate that a push took place on that particular part of my fingerprint
but it can also tell you how fast it {is. And that is one of the ways that we
are able to perceive texture because when I rub my fingers over, say a cloth,
depending upon whether the cloth fibers are fine or big will depend upon how
fast they indent the. surface of my skin. And so the richness of my
environment includes the ability to detect texture. That's how it happens.

We have all these fibers that rise up down here in the peripheral part of
our body (Figure 8, extra-lemniscal somatosensory pathway), and you’ll notice
that this is just intended to be a section of my spinal column. You see these
fibers all enter and there are these chemical junctions, and some of these
fibers come up one side of the spinal column, other fibers come up the other
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Figure T: Generaror potentials from a Pacinian corpusele during application
of an electrically controlled tactile stimulus (a) The stimulus onset as brief
as possuble The stimulus stays on after application. (b) The stimulus onset
occupying about 2.5 msec, (c) The stimulus onset occupyng about 5.5 msec.
(Atter | A B (ray & Sato, 1953)
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side of the spinal column and they form these tracks. Look at all these
interconnections. There, there, there; more are higher up at the base of the
brain; look what is happening: there are more of these connections and they
get all the way up here in the brain where there is a section of the brain
called the thalamus (the only technical word that I am going to wuse) and
that’'s a switchboard. All this information comes in and the thalamus has to
decide: one, whether you're Interested in it and let the information go up to
the part of the brain that thinks and feels; and two, it has to decide where
it is going to send it because why do I need that information?

Now, what's intéeresting is that you can pre-load parts of the braln with
programs that are goling to act only L{f they get certaln {information. For
example, 1f you're going for a swim in some murky water off the beach near
your cottage and somebody says to you, "I let the weeds grow around here,
don’t worry about it,"™ and if you feel something brush your leg, well that’'s
weeds. But if somebody says to you, "Well, that water has eels in it;" you
then feel the same little brush against your leg and somehow you can magically
walk on water. And it doesn’t take you a long time to decide whether it is
grass or eels. Bam! I mean it happens that fast. What you have done is to
preload the system; the information about that little bit of pressure comes
ripping up here and is now organized in advance to where it is going to go,
and what kind of information you are looking for, as opposed to, say, somebody
singing a song to you. You are not going to listen to that song. This {is
important stuff, these eels. So the thalamus, the switchboard, is very active
in deciding what it is that you are going to attend to and how you are going
to attend to it, and where the information has to go in order to be used.

The other thing I want you to notice about this 1is all these

interconnections. You’ll see it in the next one (Figure 9, lateral view of
the brain and divisions of somatosensory system), which is a different kind of
a slide. It just shows more of these tracks winding up in different parts of

the brain. What I want you to get from this i{s that every time there is one
of these junctions, not only are you relaying information, but you are
changing the quality of that information. Those junctions, in fact, act like
a leaky integrator. They can act ltke a differentiator; they can sum signals,
- they can differentlate signals, they can inhibit, and they can enhance. There
s -all kinds of signal processing which is going on at every one of these

Junctions. You saw how many there are. That’s one of the reasons why, when
you finally get up into the brain, we’ll see a little later, there is very
little resemblance in the brain to what actually occurred outside. We have

translated 1t into a brain-machine‘language which bears little resemblance to
the real features that have been perceived.

But that’'s important, because the brain-machine language 1is sensitive to
training. That's why training is so important. You start to interpret things

in terms of what and how you have been trained to interpret them. Somebody
cold in a new environment often doesn’t know what to do because he doesn’'t
know how to interpret what is coming in. First time I sat in front of a HUD
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Figure 9:  (a) Lateral view of the cortex showing the location of the first
and second somatosensory areas (S1and S N1). (b) Three main divisions of the
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Figure 10 Ruch's iflustration of the neura! mecha-
nism of lwo-point discfimination The two stimulating
points are indicated ats and s° bas the firing rate of
the receptor stimulated at the periphery of its field
by ~, b’ the finng rate of another receptor St inulated
4t the center of tts field. The drrows ¢ show how the
activity 15 concentrated on a few central neurons in
the thalamus resulting 1in as clear a discrimination
between the activities d and d' generated 3t the cor-
tex as al the skin. in spite of overlapping connections
along the way (From Ruch, 1960 )
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Figure 1@ The peripheral fields of three cortical
neurons. showing how the firing pattern (not taking
into account gradations in firing rate) can indicate in
which of seven zones a stimulus has been applied.

1-8-18

e m—- e —— e gy




iz was pretty. But that's it, because I didn’'t know what it meant. And you
have to learn what all those things are. And those learning linkages that you
form are part and parcel of all the signal conditioning that goes on.

Now there is another thing that I want you to be aware of in terms of the
richness of the sensory system. And it is illustrated in here (Figure 10,
reural mechanism of two-point discrimination), Here we have little nerve
fibers that are, say, in the skin; and say that what thev are sensitive to is
pressure like we were looking at earlier. And this {s the stength of the
signal, two points on the skin; and you'll notice we are measuring the
strength of the pressure and therefore the firing of these little nerve
endings that are responsive to that as the height above zero of this line here
at the botzom of the diagram. So thera is the zero axis and you notice the
amplitude on here is something like about 4 inches.: Well, what happens is,
because I have this network now of nerves going up to the brain, we also have
another system in our sensory apparatus that sends branches off to all its

neighbors. So say this fiber here has a branch going off to that neighbor,
and a branch going to that neighbor. Those branches inhibit whatever is on
the neighbors. They subtract from the activity that would normally be felt

there. And you'll notice that at every station these branches exist. So what
we have here is a firing, with lots of action potentials per second here, not

so many here. By the time that gets inhibited at every waystation, and this
gets 1inhibited at every waystation by this one, there is a big contrast
improvement by the time they get up to the brain. What it means is that this
guy has gotten louder compared to the two beside it, because the two beside it
have been inhibited. And so the relative amplitude between the two in the
brain is much larger than what it was when it started out, And what this
translates into, 1{is our abllity to discriminate between two fine points.
You'll notice there is a sharpening here in contrast. That's a contrast-
enhancement circuit, In fact, the picture sent back from Ranger on Mars had

an identical algorithm written on the PDP 8 for their pre-conditioning, before
you look at them on the television, to improve the contrast of what was being
viewed out there. And all our sensory apparatus contains this collateral
inhibition, cthis ability to inhibit your neighbors so that the signal becomes
sharpened and increases in gain. -

Now, how does that translate into richness of experince? Well, supposing
that this 1is the sensory field of a nerve located there (Figure 11, the
peripheral fields of three cortical neurons, showing how firing pattern serves
to localize a stimulus). That is, 4f I poke it right here, 1 get a bigger
response and all the way out to the end. And i{f I poke it right here, I will
get a tiny response from a nerve located there. Similarly, for this guy A and

this guy B. So I have three nerves now. Now if I have a poke located at X,
you’ll notice what happens. The nerve located at C here feels less of a
response than it would at Y. But the nerve located at say, the center of A,

feels not much difference because in terms of the radius of A there is not a
great deal of difference between X and Y and there is a greater difference at
B. So that says to me that 1f I compare the outputs, wusing this collateral
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{nhibition, between A and B and C, I would be actually be able to discriminate
a difference In sensation between a poke received at X and a poke received at
Y, even though the nerves that are cabable of sensing that ‘are located almost
five ctimes further apart in terms of actual -physical location than what they
are being asked to resolve. So what that means is that I don’t need nearly so
many nerves spaced along, sav the skin or the back of the retina of the eve
in order to get a particular resolution. That's why when you are flying along
in your airplane, you’'re able to see a telephone wire at a distance which is
almost 10 times what the physical optical resolution of your eye is in terms
of its-lens. That's because of that contrast enhancement circuitry.

Now, what I wanted to show here is a typical way that a nerve responds to
an input stimulus (Figure 12, frequency of impulses in the afferent nerves,
plotted against the duration of different loads applied to a muscle-spindle

receptor). Notice that inicially it rises up; it initially rises up and then
gradually adapts out to some lower level, not always zero; 1in fact, usually
not zero. Another thing then that we have to talk about: adaptation. Every

nerve 1In our body adapts, 1f only because you pump in so much sodium you
overwhelm that pump and it won't fire anymore and you have to wait until you
can get some of the chemistry re-established. That means that we really only
sense change. You never sense anything that Is constant because we adapt to
the constant. So we are only interested in change. It Is true, as Grant
McNaughton pointed out this morning, the human organism is a pattern
recognizer. Qualify that; we only recognize patterns of change. And we have
a hard time recognizing things that are static in terms of a pattern. You
have to force them to change. You say, well I can stare at something for a
long time and I'm not moving and it’'s not moving, but I can still see it.
What's actually happening is that your eye has a dither built into it at about
50 hertz and it causes, it will magnify it, but it causes it to dither through
a tiny, tiny angle. Enough though that the image is actually shifted to one
or two cells on the retina. And in experiments where they have injected
procaine 1into the muscles around the eye, if they clamped the head of the
person so that they couldn’t move the platform, the people said very rapidly
that the whole world looked like they were looking into the inside of a half
ping pong ball. And if you tapped a person’s head, just that little tiny
movement was enough to re-establish the visual world and it adapted out to
zero again. All the senses adapt. All the senses only sense change.

And here’'s the kind of relationship that exists. Another interesting
thing, 1f you look here (Figure 13, frequency of impulses in an afferent
_nerve, plotted against the logarithm of the load on a muscle spindle stretch
receptor), this is the logarithm of the load of one of those cells and this 1s
the number of impulses per second taken off the other drive. From what you
see, you see it is a log function. That'’s one of the relationships. We are
capable of sensing change within the environment over many many orders of
magnititude. So from the dimmest light we perceive to the brightest that we
would normally perceive, there is something like 1012 or 1015. It is a huge,
huge, number of orders of magnitude that our sensory apparatus is capable of
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being aware of and functioning in. And that’s one of the things that you have
to remember, that this compression, this logarithmic compression 1is an

important thing. When we talk about a change of a factor of 2, 1in the sound
level, that’s nothing when you think about what we are capable of perceiving.
It's starting to get down just to the limits of our perception. So our

perceptual experiences occur over an enormously broad range of stimultl.

There's another thing we have to be aware of, though, that some of the
equipment doesn’t work just logarithmically, but it works on a curve rather
like this (Figure 14, the impulse frequency 3.5 seconds after the onset of
light (lower curve) and the logs of same values (upper line) plotted against
the logarithms of the light intensity), and that’'s a power function. There's
a great deal of work going on to differentiate between the different parts of
the sensory system. Some of them in other words, work in this logarithmic
scale and some of them work on this power scale. What it does mean is that
all of them are capable of sensing over an enormously wide range of input
stimuli.

Now let's get a little more to the topic we have been talking about, the
ones that are interesting us in this conference. We are going to start with
vision. Here 1is a cross-sectional view of a human eyeball. (Figure 15, a
cross-section through the human eye.) 1It’s got a lens in here which |is
attached to muscles. .There are two kinds of muscles. One of them goes like
the tire around your bicycle wheel. When it contracts it squishes the lens
and increases the curvature here, allowing you to focus on things that are
nearer. There 1is another set of muscles which are like the relationship
between the spokes of the wheel and the hub of the bicycle wheel. They pull
the hub open. And so when those ones pull, they flatten the lens and that
allows us to see near and far with the same lens. VWhen you go to your
ophthalmologist and say, "Gee Doc, I just can't see this close any more when I
read the newspaper;" he says, "That's because the lens here has gone all hard
on you." Relatively 1t has gone hard, relative to the strength of the
muscles, but we have spent all our lives reading at this distance and the
muscles aren’'t getting the exercise they need, and what happens is that they
get flaccid, they become unable to-move that bag of lens easily. Including
myself, 1 have taken a lot of people now and got them to do eye exercises,
near-far, near-far, 5-10 minutes a day, re-exercise these muscles with visual
pushups and what happens is that they get their vision back in terms of their
ability to accommodate. So it’'s a very flexible system. Marvelous thing the
eyeball. What that lens is doing is that it focuses light onto this retina
which is a whole bunch of nerve cells, again specialized to receive light.

Now, what does our retina look like? (Fig 16, the connections of a few
typical cells in the retina) What it looks like is this--you’'ve got receptors
in here--remember early lessons of cones and rods, well that’s just from the
shape of them. These cones, they are sensitive to colors and bright lights.
The rods are sensitive not to color but to very dim light, and actually that’s

the back at the top. The lower part of this slide shows all the nerves that
) . ‘
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Figure 15:- A cross section through the human evye.
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{t connect with it in the front and the light comes from the bottom of this
plcture, shines through all these very clear looking cells which are
transparent and excites these rods and cones into producing electrical changes
which are then sensed by this middle row of bipolar cells here. The
electrical changes actually kind of get summed up on this row of cells here,
and they, in turn, release chemical onto these big fat ganglion cells at the
bottom of <the picture, which then start to carry the information into the
brain. There are other cells along here in the middle layer arnd they're
associated in part with this collateral inhabition we talked about earlier on.
So again, there’s sharpening of the image right at the sensor itself and
alreadv 1it's processing because you can see that the number of connections
. that these bottom row cells make compared to the number of connections these
middle row cells make is very different. And that's why, for instince, you
can generally only see big objects out here in the periphery as opposed to
really tiny little fine points in the central part, and that’s because of the
ratio of interconnections that it makes with the sensxng cells, depending upon
where it is on the retina of the eye.

Now, what I want to show here (Fig 17, pathways of the mammalian visual
system) is agaln the richness of signal conversion or signal enhancement as we
move from the eyes over there to the left of the picture. You notice that,
say the left field of the eyes all go one way; first of all the image is
flipped over so the left visual field now appears In the upper part of the
retinae and they come over the upper circuit of this picture (the right side
of the brain) and the right part comes around the lower (left) side. Never
mind all the names of these things. This middle part. (pre-tectal nuclei) here
is associated with that focusing that I was telling you about. This part here
(superior colliculi) is associated with directing your gaze; you see something
that you want to look at, that’s the mechanism that allows you to move the eye
in that direction. And this part here (lateral geniculate nucleus) is
associated with actually presenting an image onto the calarine cortex of the
brain at the very back of the skull which is thought to be a map of what's out
there--it’s a kind of an electrical excitation map spread out. 1It's distorted
but nevertheless spread out on the surface of the brain at the back of the
skull, -

. Now, we talked about the cones earlier on, and what you notice is that
‘this {s a spectral seusltlvity of those cones (Fig 18, absorption curves for
the outer segments of three types of cones in primate retina). So the part I
want to mention here is you notice that it is not a sharp line. You notice
that the receptors that see blue (left-most curve), in thils case actually
extend into the field that all the others do; and so this one (in the middle)
sees yellow; this one (on the right) sees red. There's a lot of overlap, and
that contrast enhancement starts.to refine what you see. But it’s because of
that overlap that we are capable of seeing hues of color--we don’'t Just see
primary red, primary yellow, primary blue--we can see all kinds of color in
between that rainbow. One of the reasons is that the receptors are capable of
overlapping and then we use a neurological enhancement in order to find what
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the exact hue is between the center lines of each of these receptors. Again,
richness of experience. ' : :

When we get back now intoe this area far back in the skull (Fig 19,
arrangement of visual fields), what you find is that there are areas of
activicy. Noting Fig 19 a and b, 1if I get a little pinpoint of light on the
cell in the retina, somewhere back in the cortex, vou'll see a pinpoint where
a bunch of cells or maybe only one cell or hue would turn on and the neighbors
would be inhibited. And the color of this is also true, some of them would
turn off and there would be a pattern of neighbors that are excited. A long
time ago now, it was discovered that the same also was true for lines, (Fig 19
¢ and &) {f there {s a line out {n that visual representation, there’ll be a

roup of cells that will fire in response to the line but only in a certain
orientation. If you change the orientation of the line, (Fig 19 e and f), a
different group of cells. And, it goes on farther than that; if a line now
moves in one particular direction, one group or one cell will fire and if you
change the direction of movement, it shuts up and another one takes over. So
we’'re starting there to see that what the brain is synthesizing out of -all
that information that comes onto the retina of the eye is particular qualities
that it is interested in. In this case, lines or spots or velocities. Other
ones are angularities, roundness, size. All right, is it a fine detail I'm
looking at or a big detail, and so forth. All of these different features are
extracted out of that information that comes onto the retina and they become
the internal representation within the brain, the language, the words with
which the brain uses to describe the experience at the moment. )

We're gonna switch for a minute and we're going to talk about hearing.

We don't have enough time to dwell on any of it long enough. Here is (Fig
20, the middle and inner ear) somebody’s outer ear is out here (to the left
side of the diagram). In other words, I'm looking at you on this diagram
here. Now what happens 1s that here'’s a semicircular canal at the upper

right, the things that make us dizzy or they don't; there is the eardrum. The
normal ear uses a spiral, the so-called cochlea, but in this diagram it's been
straightened out, because it's actually a tiny structure, only about an inch

long, and inside of it is a membrage. It's anchored all the way around the
sides and there are nerves, about 20,000 sets of nerves, all along the
distance here. The sound pressure causes this eardrum to move. First of all

it changes things which are impedance matching devices, that’'s like the bell
in a horn. You know when you go to blow a trumpet, you start out with a sound
of (puckered kiss) and what comes out is that beautiful note, and that's
because it was through an impedance matching device, which is the exponential
horn on the end of the trumpet, and couples it out to the room. The same
thing here, the air is a big excursion of a very light material and you've got
to couple it to the water that’s in the cochlea here, so you go through this
40 to one reduction in terms of leverage (pointing to the ossicular chain),
and now you get a standing wave which is set up in the water. The water gets
pumped along the top and down along the back and through this flexible
membrane, which TI'l1 show here (Figure 21, traveling waves {in membranes
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unsupported at edges and in a membrane similar to the basilar, in which edges
are fixed). You can see ‘that it causes a kind of wavy action in the membrane.
Remember 1 told you the sides of the membrane were anchored as well as the
ends, so the kind of wavy action that you get is represented here, a high
degree of excitation and then it settles down again. So that's going to tell
the nerves here and here (Convex bulges on Figure 21 b) that the frequencies
it’s hearing are, say, 1in the middle of your experience. Because 1{t's
actually standing where this gets set up, this had physicists confused for a
long time. Physicists would say where the speed of sound and water is so
great that if you were going to set up a standing wave, 1it’'d be something 30-
40 feet long, but it’'s an interference device. Remember I said that on this
membrare, the sound pressure first went in through the top and then back along
along the bottom, and it's the difference between the two that is actually
measured, the interference between the two that displaces this membrane at any
ore instant. And the nerves are arranged along the membrane in a row and they
sense the movement of the membrane 'and convert that into an electrical energy.
Buc the trick that nature used in this case is it has traded the big amplitude
of movement into something that is actually very fine. It turns out that at
threshold you are capable of actually barely sensing the movement of the water
molecules due to their temperature. That’'s how sensitive the little nerves
are there that sense that, so nature has invented a very sensitive mechanical
transcducer and that means that the movement here, because it’'s an interference
or the difference between an incoming and a reflected signal, even though it's
very tiny, the brain 1is capable of getting a message which is then
proportional to the tone. And it turns out that for very low frequencies, the
oscillation has the time to get all the way down the end of this membrane and
excite this end (right end of Fig 21 b) before it can reflect back and cancel
itself out. Very high frequencies, 20 kilohertz or so appear to get shorted
out through here and the rest of the membrane remains silent. So what happens
is that very high frequencies excite only the narrow ends and rigid stiff end
of the membrane (left end of Fig 21 b); and very low frequencies only excite
the very low end down here (right end of Fig 21b), and so what the brain gets
is a signal that says, "In this case, I'm getting excitation from somewhere
right around here.” (indicating concavity in middle of Fig 21 b). That's
worth about 8,000 cycles per second. But if you got a signal from those which
are demonstrated down here (indicating peak of left-most convexity, Fig 21 b),

we'd say that's a 4,000-cycle per second tone. So right away you don’'t
actually hear the music as such, what you're getting is a signal which |is
proportional to how loud it is and where it came from. And the where tells

you what the pitch is. And right away at the end organ you see several things
have happened, we've converted energy, there’'s a contrast enhancement which
allows us to refine very closely where it is from an otherwise sloppy device,
and it turns out they were capable of discriminating between a large range of
' tones. We can discriminate down to just a few percent change in the tonality
of the note, if you’'ve got really good hearing. That’'s a very efficient
mechanism.
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Figure 2% - Traveling waves (a) in a membrane
unsupported at the edges and (b) in a membrane
similar to the basilar membrane, in which the edues
are fixed (From Tonndorr, 19n) )
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Now this (Fig 22, amplitude of peak displacements of the basilar membrane
at different disturbances from the oval window) 1is just a map of where those
actually occur along that membrane. To give you an idea that again it's a
kind of compression; you can see, at about 400 cycles per second, the whole
membranre down here is flapping pretty hard and so the brain then says, "well,
if I want to get down to 25 just what would I do?" Then what happens is that
the whole machinery is flapping and it actually starts to count flaps and the
nerves turn on and off in synchrony with the actual displacement of the whole
membrane: so thera’'re two systems, right? Thera's a system which 1is
spatially located for the high frequencies and there’s another system that
savs "when I get down around here (indicating the cross over between the 25 Hz
and 400 Hz lines on Fig 22), just like the crossover network {n your loud
‘speaker, vou now change modes," and the woofers in this case actually comprise
all the nerves firing together that give you the true feeling of the sound.

Now, what about sound, what do we do with it? Well here is a voice print
(Fig 23, sound spectrogram of the speech sound "dra"). You can see on here
the abscissa 1Is the time duration and it starts a half-of-a-second from the
origin, and the ordinate here is the frequency at which a' particular sound
occurred into this machine, and this particular person is saying the sound
"dra". Look at all the frequencies that occur in just the sound "dra". The
beginning of the sound, the D sound, you see, has a different spectral content
a rising portion here like a shift in frequencies and the. R sound has a
different density of frequency components to it. So that gives you an idea of
how rich the information is that’s available to the brain.

I'll give you a few other examples. These (Fig 24, simplified

spectrograms showing the first two formants only, for a number of syllables)
are just outlines of the curves. You can see there’'s a sound D, Da, Du, Gi,

Ga, Gu. Notice each one has a different set of spectral components to it, and
that seems to be what it is in the machinery that is discriminated that allows

us to hear somebody speaking. What’s happening is that the machinery that
I've been talking about is so sophisticated that it can pick up at this very
rapid rate. Remember we're only dealing at 150 milliseconds there. Entire

shifts in the spectral content, the energy distribution along the frequencies
" that are impinging on the ear. That's the kind of thing that's going on all
the time that you are listening to me right now. So 1it's a -very, very
sophisticated mechanism, this hearing system we have. Add to that the fact
(and I don’t have any illustrations to it right now), but you can perceive
what it is, I’'ve got two microphones stuck in here and the brain is capable
of sensing the phase angles of a sound. In fact, it turns out that the cells
that do that are capable of distinguishing down to about 30 microseconds 1in
differences in timing between your two ears. So that starts to give me the
ability to sense the direction at which sound comes from, because I've got a
kind of tuned array. If I want I can say that a sound that comes here from
this direction impinges on the two ears with differéent time relationships than
the sound which emanates from over there. We add to that further the fact
that the thalamus and all the inhibitory mechanisms are all tunable. So what
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Figure 22: Anmplitude of peak displacements ot the basilar membrane at -
different distances from the gval window Values for low-, middle-, and fairly
high-frequency sound input are shown The membrane displacements shown

on the ordinate ate not 1o the same scale as the length measurements shown
on the abscissa (Atter Bekesy & Rosenblah 1951
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I can do is I can operate a tunable filter, and that's why I can hear, say,
somebody gossiping about me at a cocktail party with a hundred people at |ict,
and I can hear that one voice three couples over, that happens to be what I
want to listen to. Because even though they're lost among the ambient noise,
I can tune my filter such that I can listen to where they’'re coming from,
because I am able to do this kind of thing actively. I can do it in real time
actively and cue on one source as opposed to another. So that’s how rich the
hearing experience is.

Another thing that I wanted to show you here is that the world is filled
with sounds which have that kind of richness to them. If you look at a piano
note as opposed to a violin note playing a single tone (Fig 25, wave forms of
a violin playing the note G above middle C and of & piano playing C below
middle C) while it's split up there, you can see that the violin G is almost
like a sine wave; and if I break it up, if I do a Fourier analysis of all the
differenc components of energv as a function of frequency in there (indicating
the wviolin scale), you can see that there’'s a fundamental tone here, and a
second, and ultimately higher harmonics with different amounts of energy in
there. That's the amplitude on the ordinate in that scale, this {is the
frequency along the abscissa. If I listen to a piano where there are many
more notes that are all oscillating at the same time when I strike that, you
can see first of all that the waveform contains a lot more information
(indicating Piano C on Fig 25). Then look down here when you start to look at
the composition of that note; all kinds of harmonic information is in there,
way way out, and many more frequencies are represented. The brain actually
hears that, and that’'s why when you hear even a single note played for
something like a quarter of a second, you can tell that it’s not a violin but
a piano or vice versa. So that on line, real time filtering system is very
sophisticated.

Lastly, I wanted to show a little bit about the organs of balance because
that's the other thing we’ve been talking a lot about this morning and then
we'll do so the rest of the conference. What they are, this {s a
representation of a hollow part of the bone (Fig 26, the bony labyrinth); the
inside is hollowed in solid bone, ir-fact it wasn't until the last 20 years or

~so that people actually started to get down to the details of how the organs
of balance actually did their job. And one of the reasons is that this bone
that’s in the back of the ear is the hardest bone in the body. It doesn’t
even have a foamy structure to it, 1it's just solid bone, and when the
histologists would get in there, if they could bore their way into this organ,
they would find that the parts which were interesting are the little actual
canals which are floating 1In water inside those tubes. They had the
consistency of wet Kleenex, so there was a high probability you’d damage them.
So they took about 50 years to figure out how you're gonna get to be able to
photograph these things or put them Iinto slides and be able to look at them
under the microscope. You can imagine their dismay when they found out that
the bits that they were interested in, in here where the nerves come out and
which sense the movement of the water in the canals, when they found out that
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the parts that did the work were actually smaller than the wavelength of light
and you couldn’'t see them under a microscope. We had to wait for details
about what these things looked 1like until the advent of the electron
microscope before we could really get a good picture of what was happening
here. The part I want you to look at is that these are very tiny. In fact,
all this thing that you see here would fit very nicely into the loop that’s at
the end of this wand here (only 4-6mm diameter). And there are two of them,
one on each side of the skull. They happen to show us a very similar type of
sensing mechanism which is why they’re side-by-side with the organs of hearing
that we were talking about a few minutes ago. And you'll remember from your
basic physiology lectures on the flight line, well what happens is that as I
move my skull, the fluids in one or more of these different canals has caused
it to stay behind. . If you take a cup of water and you put a little tiny
floating bit of paper on it, then you turn the cup fast, the paper stays
still. That's because the water isn't a solid, {it’s a liquid, and it takes a
long time, you'd have to put it on the record player and then the water in the
middle of the cup would start to catch up to the outside of the cup. Well,
the same thing happens here. When I turn my head, the fluid stays behind and
what it does is to push on a plug that’s in that bulge and the pushing of the
plug causes these little nerves to fire and send information up to the brain.
Mow, remember, that’s a viscous medium, so already it's a rate sensitive
device, it senses only rate. It doesn't sense actual displacement of your
head, it senses how fast your head is turning.

One set of information is sent directly from the organs of balance to the
muscles that control the eyes. (Fig 27, connections between the ampullae of
the three semi-circular canals and the extrinsic muscles of the eyes.) It’'s
very intriguing to discover that the muscles that make the eyes move in this
plare are, 1in fact, exactly lined up with the plane that this canal was in.
In this horizontal canal you can see the diagrams coming in comnect exactly to
the horizontal moving muscles of the eye and so whenever I move my head side
to side like this or nodding like this, what actually happens is that velocity
information comes directly from the organs of balance to the muscles of the
eye and allows me to stare in one direction and move my head.

You can get an 1idea of how accurate that system is 1if you do the
following. Do this test which we in Canada call the Newfoundland Intelligence
Test (laughter). What that consists of is holding up your hands in front of
your face like that and I want you to count my fingers now and you’re going to
tell me how many fingers I've got up, and then you move your hand side to side
and all of you say "ah that's not fair;" come on, yes it’s fair because what
happens 1is that i{f you move your hand about that fast, sure you can’t count
the: fingers but the Newfoundlander is smarter than the rest of us, and he
says, "Well, Einstein will be the first one to point out to you that motion is
a relative thing and if you are holding your head steady and moving the hand,
it would be the same kind of angular displacement if you held the hand steady
and moved the head, would it not? And you would have to agree that’s true.
So he "Hold your hand still and I'll move my head," and when you move your
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head even that fast, you can still see the fingerprints. Why? It really is
that those circuits are connected and they are very fast; 1it's rate
information, I get feed-forward information along the muscles of the eye that
tell me where to go in advance almost of the head getting there, and so that's
automatic, that’s much faster than me being able to think where that is going
and following it and track it.

That’s one of the reasons why disorientation events are so compelling.
The reason is that if these gyros (referring to the semi-circular canals) here
toppie; they send signals up to the eye muscles which cause the eye to flick
around and it makes the real world look like it’'s turning when, and in fact,
it's not. But you don’‘t know that until you’re able then to find out what's
going on and set it right. And that’s why disorlentation is such a problen,
is that 1it's dealing with systems which normally are always right and very
compelling. And when thev are not right, then you don't know {t, and you
want to believe them and the training you have to undergo is to learn not to
believe them. And that's the measure of your sophistication. It turns out
that there are other signals that come off these and if you close your eyes,
you still feel that your head is turning. They go to a different part of the
brain, in fact, the part of the brain that seems to be associated with your
being able to. figure out if I said, "The washrooms are over there to the
lefz", that allows you to know what I mean by that. So, there’s a lot of
things that come off of there and a lot of information.

I guess what 1’'d better do, I could go on obviously for two or three days
without stopping about this kind of thing and not exhaust the subject, but I'm
sure [’ve raised a lot more questions than you are comfortable with and so out
of fairness at this time, I should allow the floor to go to questions.

B/G DeHart: I have one quick question. Don't your eyes overpower
disorientation? And why is it that figure skaters don’t fall over?

RM: Yes. You‘re referring, General, to a series of experiments that
were done and are very interesting and they’re important. Why is it that
figure skaters don't fall over, all right, because they produce a tremendous
flicking of their eyes in respose to a very high perceived angular velocity.
When they spin it’s a blurr; that's awesome. What they do i{s that they slam
to a stop and they look for the nearest spotlight, which is very bright, and
they focus on that, and you’re quite right, What will then happen is that
back at that sub-brain level with the thalamus and so forth, you then inhibit
the signals that are coming off, so the signals still come off the canals.
Although more recent work has shown that some of those inhibitory fibers go
right out to the canals and tend to turn the canals off. And so you produce
inhibitory information which turns it off at the origin, turns it off at the
eye, and reduces the sensitivity out here because you override those muscles
with other signals that come from the part of the brain stem that caused you
to look at a particular place; so you have that flexibility as well of
altering the machinery which is doing the perceiving, and you have to learn
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how to use it, that's part of the training {s to do that. The figure skater
usually falls over the first time,

Q: What's the effect of laying off flying for a prolonged period, then
trying to regain currency?

RM: You need to temper that with the time course. Experiments that have
looked at this business of degradation of neurocircuitry have shown that there
can be some verv long time courses and it's not as easy as you think. For
instance, experiments that have been done with gymnasts who have been told
that what they have to do is not to go out on the gym floor and do their
routine, but for six months they would imagine themselves doing their routine,
would perform with about 80% of the ability of those who actually went out and
did it every day. So what that says is that if you .are really a blue-suiter
and nobody can keep you from thinking about flying, you are going to de-learn
a lot slower than the guy who is glad to be out of there and gone. And so, it
i{s not a simple relationship like that. As long as he keeps exercising it,
the evidence is that he keeps those circuits intact.

RM: Yes,. . .Okay, that's a very subtle question and it’'s a good one.
The question being, if I may rephrase it In the terminology I have been using,
If you visualize something, if you rehearse it in your mind but you don’'t
actually do 1it, how effective i{s that for learning how you cope with very
difficult and unusual situations that might be difficult to do in an airplane?
The problem is this: when you imagine a situation and what you are going to
do about that threatening situation, unless you have been exposed to it a
number of times and you know what the whole situation, the whole sensory
experience 1is, you usually cue on only a few of the items that are there and
you are now learning in a deprived environment. Because every time that you
experience the thing, at least the first 100 times you’re still learning; (I'm
told by people who do this kind of thing, musicians for example who say that
they want to rehearse a piece, say, generally that they have to rehearse it
100 times before it feels right and the muscle memory is capable of playing
ic). Well, the development of that experience and that ability is a compound
not only of what they are hearing and what they want to do, but also all the
patterns they have to be able to reproduce. When you are talking about, say,
recovery from an wunusual attitude, and can I do that after having been
explained what that is, perceptually you will not have been able to experience
the full extent. The first time you experience that you will probably only be
able to cue in on one thing because it is such an unusual thing, it is so
bizarre, so frightening that you are probably only going to cue on one thing
and that will not be enough for you to develop that strategy. So you need a
situation where you have learned what the thing {s really like, in all {ts
richness. Now that you have a real understanding of that though, then this
mental rehearsal becomes useful. So the mental rehearsal is good for the guy
who has had the experience in the first place to keep current. But it
doesn’t seem to be good for learning complex actions the first time off.
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RM: Ah, that’'s a tough one, the role of simulation 1in" instrument
training. well, what I think is, let me just flick at some of the things you
raised. Learning how to handle instruments 1{s not only a perceptual
experience. It 1is also a decision making experience, a priority making and
organizing experience, it’'s a reaction experience. So because it is such a
varied business that you have to attend to; lots and lots of decisions, none
of them life threatening, at least usually not, that's what you are acquiring;
the simulator is very good at glving vou exposure while you sort all this out

for the first time. What it seems difficult at doing, at least it seems very
expensive, 1is to provide the full richness of the experience to you. So
unless you are prepared to mimic very carefully what is actually going on in
the airplane, there’'s not just the movement, the sounds, the smells and so
forth, it 15 the terror, and the threat and all these other things that go
with it. That's all part of the ambience, and unless you are prepared to
mimic all that with all reasonable faithfulness, you are only getting part of
the training. So I thirk what you need to have is a sophisticated blend of
the two experiences: simulation for working out the bugs, and the real
experiences for learning what the real experience is. So you don’t find out

suddenly that, Wow, this is so different when it is happening to me in real
life when it is not simulated that I can’t relate to it anymore, and you're
going to be dead. So, it has to be the blend, and I'm not sure that, on a
theoretical basis, you could say what that blend is. We are going to have to
experiment with it.

Stan Roscoe: Isn’t what you meant to say, regarding the inner ear, that
it senses changes in rate, or accelerations?

RM:  Yes, the signal that comes off is a velocity signal; but, it is an
accelerator. Sorry, I can’t buy that.

Stan Roscoe; OK, years ago we accelerated people below their threshhold
to tremendous speeds and they felt nothing till you stopped them.

RM: Yes. Yes. That part I would agree, because what you have done
there i{s to bump into the adaptatiom time constant of the individual. So they
are adapting out the signal at the same time it should be building up to a
velocity. If you are dealing within, say, a tenth of the adaption time
constant of the person which is their usual kind of head movement rate, then
you will find that the afferent signals from the canals are rate sensitive,
not acceleration sensitive.

Q: Could you comment on proprioception other than vestibular?

RM: Proprioception is a catch word. It has to be a catch word because
we don’t tend to understand all the mechanisms {nvolved. But in part it s
the sensation of pressure. We have the different sensors for light pressure,
as opposed to deep pressure. We have different sensors for wvibration. We

have different sensors for pain, when the pressure becomes quite noxious, and
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they are spread all over the body. And they extend farther. They are not
jJust in the skin. They are in all kinds of things, in fact, there seems to be

some sort of sensors in the brain. Right in the brain tissue itself. 1 also
have sensors which are capable of telling me what the angle is of all the
joints in my body, -and also how fast I am changing that angle. @ So these are

all lumped together into two things: kinesthesis, the sensation of change. and
proprioception, which {s the sensation of self. That is the meaning of
proprioception. What happens, now, is that as we are walking around in the
real world, I would say that one part in a million of our experience, even as
pilots, 1is spent under G. The rest of the time we are at one G, except for
short 1lictle bursts. Now what happens is that we develop patterns of
recognition of what is going on appropriate to being {n a one G environment.
When I sit down, the pressure is right for one G, lying down, touching

something, they are all a one G experience. If I now find myself 1in the
situation where I am, say, at six G, the sensors really haven’'t got a lot of
experience with that. And I don’t quite know what to make of it. So

everybody 1Is going to have a different interpretation about what this means.
According to how they dial up the gains in the system: {inhibitory and
excitatory. And so some people might think, "Oh, God, I am getting pushed
down into the seat,"” other people are thinking that their joints aren’t at the
angle where they had ori{ginally set them. To add to that problem, and I know
what you are referring to, some work that I did that seems 1like ancient
history now, showed that the human being is incapable of deciding which way he
went if you move him up and down, because your organs of balance have a plane
of symmetry in them in which it is perfectly ambiguous. Birds and fishes
which move in a three-dimensional environment have a Lagena, which is a little

organ that is a vertical accelerometer; but we don't. We sense when we get
off -that axis. We took them in a helicopter, big helicopter loads of people,
up and down one foot and they couldn’t sense it. We took them up and down

through 400 feet and they still couldn’t sense if they were going up or down
and they had a 50% probability of getting the direction right. They knew they
had moved: why, because the seat of the pants changed pressure. But they
couldn’t get the direction right and that’s all part of it. And so I have
watched people in an airplane when the pilot puts in just a little bit of a
yo-yo, but they don't know what’s geing to come out of that. And they say,
' "What did we do, up-down or down-up?" They guess. So it {s an wunusual
environment for us, 1t is one that we are not designed to handle, and what we
are trying to do {s to make some sense out of this big change that occurred,
and we do it on the basis of very little training and even less experlence.
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Consideration of the role of vision in spatial disorientation may be
facilitated by a description of recent developments which have identified two
kinds of visual "systems" with different properties. These two "modes" of
vision are recognition and visual guidance. Recognition vision is familiar
because it is involved in reading and identifying persons and. objects. Its
properties are also well known., When illumination is lowered or the quality
of the retinal image is impaired by blurring, recognition vision is impaired.
Recognition vision is also well represented in consciousness. We are aware
when we recognize an object or person. When vision 1is  referred to, it
concerns the recognition mode in almost every case. The vast majority of the
basic and applied visual literatures describe recognition vision.

The other less well studied aspect of vision is visual guidance which
subserves spatial orientation. Spatial orientation is not a simple function
of vision alone but rather involves interaction among vision, vestibular, and
proprioceptive. inputs. In considering the role of wvision in spatial
orientation/disorientation, it 1is essential to recognize the interplay of -
vision with these other senses. In addition to its 1interaction with the
vestibular and proprioceptive systems, orientation vision has a number of
characteristics different from recognition vision. If the image is blurred or
illumination {is lowered, the ability to recognize objects 1is impaired.
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However, wunder these same conditions, spatial orientatlion is unaffected. Fig
1 presents the relative efficiency of recognition and visual guidance as a

function- of {llumination. The curve for recognition, which is based on
literally hundreds of experiments, represents one of the most fundamental
functional relationships of sensory function. As illumination is increased,

the ability to see detail, to make stereoscopic depth discriminations, or to
recognize objects increases systematically before 1leveling off at
approximately the illumination available in a well 1lit room. (The
discontinuity in the curve occurs at the transition point between rod and cone
vision at about the illumination provided by a full moon.) This is one of the
most valuable functions in human factors engineering because it allows one to
predict accurately human recognition capacities over the entire functional
range of the visual system.

The data for the visual guidance curve, which are based on only a small
‘number of studies, suggest that as long as something can be seen, spatial
orientation operates at its maximum capacity. In particular, note the trends
of the two curves in the area where recognition 1is degraded by lowered
{1lumination. In spite of the rapid loss of recognition capacity, spatial
orientation 1is unaffected. Only at very low levels of vision near absolute
threshold for the rods do we find an impairment in visual guidance. Based on
the limited available information, it appears that optical blur has a similar
differential effect on recognition and visual guidance.

In addition to the selective degradation of recognition and visual
guidance under lowered illumination or optical blurring, the two modes of
vision differ with respect to our awareness of them. While recognition is
well represented in awareness, visual guidance is typically carried out
reflexively or with marginal awareness. A convenient way to illustrate these
differences is to consider what happens when we attempt to read and walk at
the same time. This is illustrative of a common occurence in aviation and
other man-machine situations in which an operator is required to carry out two
or more tasks simultaneously. In this case, the dual task 1is performed
readily. One can walk and simultaneously avoid obstacles even though
attention is dominated by the material being read. However, if recognition
vision 1is degraded either by reduced illumination or by optical blurring,
reading is no longer possible although walking while avoiding obstacles can be
carried out without impairment,

The differential impairment of recognition and visual guidance {s
referred to as the selective degradation of vision and has been implicated 1in
the disproportionate frequency of automobile accidents at night. The
reasoning is based on the fact that at night visual guidance or steering the
vehicle can be carried out as well as during daylight with the consequence
that the driver feels self confident about her/his ability to control the
vehicle and is not aware of the degradation of recognition vision. Since
steering is a continuous task, the driver receives steady confirmation of the
ability to steer and is not prepared for the infrequent demands on her/his
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degraded  recognition abilities. This unjustified self-confidence is
exacerbated by alcohol or other drugs which artificially increase self-
confidence with our concomitant improvement in sensory or motor abilities.

Our ability to analyze any problem, particularly those involving human-
machine interactions, is facilitated by our understanding of the basic
mechanisms involved. Recent  approaches to the problem of spatial
disorientation and motion sickness have identified the correspondence among
the visual, vestibular, and proprioceptive inputs as compared with the

previous history of the individual. In the vast majority of cases, movement
of the head results 1in simultaneous movement of wvisual contours in the
opposite direction. However, 1in a closed compartment such as a cockpit or

ship in which the terrain {s not visible, movement of the head is accompanied
by movement of visual contours in the same direction. Under these conditions,
the gaze stability mechanisms which are so essential to spatial orientation
are receiving . incompatible signals. The vestibular signals indicate motion of
the eyes in the direction opposite to head motion (vestibular-ocular reflex)
while the visual guided optokinetic system signals motion in the same
direction. Although spatial disorientation and motion sickness are most
probably not a result of any single factor, there is every indication that the
mismatch among the sensory systems subserving gaze stability plays a
significant role. in spatial disorientation and motion sickness not only in
aircraft but also in flight simulators. In analyzing this problem, it |is
helpful to keep in mind that the characteristics of the visual system are
related to the visual guidance mode rather than to recognition vision, 1i.e.,
independence from illumination, blur, (and probably color) and the predominant
influence of large moving contours.

This approach may also provide insight into methods for ameliorating
spatial disorientation. Because visual guidance does not require the
.appreciation of detail, it can be subserved adequately by the periphery of the
visual field. This is {llustrated by the reading and walking example in which
the central wvisual field is occupled with the reading material while the
periphery 1is mediating visual guldance. It can be also demonstrated by
covering the central field with one’s fists and attempting to walk. If there
are no obstacles to locomotion, visual guidance can be carried out adequately
with the peripheral visual fields. o

The predominant role of the periphery in visual guidance 1is one of the
bases for the Malcolm Horizon which is designed to aid orientation by
stimulating a large area of the peripheral visual field. There are a number
of potential advantages of the Malcolm Horizon in addition to the fact that it
utilizes the portion of the visual field which normally subserves spatial
disorientation. One of the problems encountered in high stress situations is
narrowing of " the visual field or "functional tunnel wvision" which |is
characterized by a lack of awareness of peripheral stimuli. However, there is
some indication that this narrowing does not affect our ability to orient with
peripheral stimuli at least when the narrowing results from the "coneing" of
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attention. It may well be the case that stress selectively degrades
recognition vision while not affecting visual guldance. (It i3 stlll an open
question whether narrowing resulting from physiological factors such as those
associated with high G forces or hypoxia will also influence the orientation
system.) It is axiomatic in human engineering,, and especially in aviation,
that one should strive to reduce demands on the pilot's attention. This not
only frees the limited attentive capacities for tasks which demand cognitive
interpretation, but also avoids the interference with cognitive tasks during
periods of stress and high perceptual-motor load. Any system which provides
for spatial orientation while minimizing demands on awareness, as is normally
the case, should serve to increase efficlency.

Q: Inaudible
HWL: It might be disconcerting because you’d have double vision, but I'm not
sure it would affect motion sickness. The double vision would affect spatial

orientation but I'm not sure motion sickness would be a consequence of it.

Dr. William Richardson: Would you comment on the role of focal mode in SDO
followed by sudden awareness of the ambient situation.

HWL: One of the requirements of this approach, which is somewhat simplified,
is I implied we normally orient with the ambient system and normally that'’s
true. But, we can also orient with the focal system. Suppose for example,
you're driving down a road at night and all you can see 1s a white stripe. If
it's a Delorean car, it sucks up the white stripe. That’'s a Bob Hope joke I
heard last year. The worst part is I didn’t understand why is was funny until
I asked one of the students. It’s possible to follow the white stripe with

focal vision, so you can orient with the focal system. You're using the modes
rather inefficiently, because the function of the ambient mode is to carry out
orientation unconsciously. We don’'t usually want to think about orientation -
that's why when we talk about it in a situation like this we have to describe
what it is, because it’s usually unconscious. What you’re doing is using a
different mode entirely. Now whether that leads to motion sickness I don't
know. But that’s not a usual use of that mode. It was brought out before,
that we can do a lot of things and overcome a lot of errors in our mechanical
systems by training. That's an example of using a system to perform a job it
wasn't optimally designed to do. But, I don’t know whether it would lead to
motion sickness.

B/G DeHart: Inaudible comment about use of focal vs ambient mode on
generating or coping or {fighting with situations of disorientation,
distraction and loss of situational awareness.

Dr. William Richardson: Barely audible comment: It's as though there’s a
break in the sequence of information received by the brain as the distraction
or disorientation occurs. And when you come back to re-orient, to the new

situation, you find it very difficult to re-establish that sequence of
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attention or pattern in the brain, or whatever you call it, and it takes some
time to do it.

HWL: I'm not a pilot but I can imagine this is a problem when you go inside-
outside because you're going from one system to the other. Is that what
you’'re saying?

DWR: Yes.

Unidentified: Inaudible - regarding focusing on the symbology of HUD's,
outside-in vs inside-out, peripheral cues. Can one ignore the peripheral
cues when looking through the HUD - or should one go head-down to get rid of
them? Is it better to look at the round dials or the HUD? What's the impact
of background of the HUD i.e. flying through featureless cloud, moving cloud,
broken cloud, any other precipitation, anything that moves in the HUD FOV that
might generate distraction, vection or disorientation? (However, most of this
question/comment was barely audible.) Do you see the background through the
HUD? ‘

Dr. Richard Haines: We had the opportunity to look at that very issue with
simulation wusing HUD'’s at NASA-Ames. The Boeing 727 flew manual ILS
approaches with ceiling of 250 feet and RVR of category 2. During some of the
approaches, we had another 727 (model) sitting on the end of the runway. The
question was whether looking through the HUD, they saw the obstruction in time
to initiate a go-around. They had 14 seconds and were aware of the
possibility of obstruction. Subjects were experlenced airline captains. Two
of the 8 never saw the 727 because they were really concentrating of the HUD,
and they had quite a bit of experience by then. Of the other 6 pilots, 4 had
very late responses and we calculated at least 'a tail strike or a wingtip
strike. So, 1 think the issue is really cognitive switching there. It raises
some fundamental questions regarding conspicuity of focal vs ambient trade-
off. '

Joe Bill Dryden: The book claims that the HUD is focussed at infinity and,
indeed, that's not the case. In landing you’re looking at the HUD and the
rest of the world is not quite in focus, and it takes some practice to get '
good landings.

General discussion, Iinaudible, uninterpretable, followed immediately by Ms.
Joyce lavecchia’s comments.
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My sister, Helene, and I and Stan Roscoe have often looked at that
problem at NADC, and you have to remember that although the head-up display is
focussed at optical infinity we have another system of the human that's
involved, and we actually get a measurement of where people are focussed.
When you're wusing a head-up display, you find that it’s not at optical
infinity. The difference 1s that they’re focussed much closer, nearer their
dark focus, which {is the distance to which an eye will accommodate when at
rest, as In a dark room, where there is no stimulus to tug the focus outward.
It’'s considered to be a resting focal distance for the eye. So what this is
telling us 1s that the display image of a head-up display is not a very
powerful stimulus to the eye but it is a very weak stimulus. And where the
eye is focussed at in using the head-up display is really much more dependant
on the background scene than on the HUD. If a person looks at the distant
scene through the HUD combiner with the symbology turned off, he will tend to
focus on the scene - closer to optical infinity. But as soon as the symbology
is turned on, he will tend to focus inward, closer to his own resting dark
focus. His acuity for things beyond then becomes compromised. In other
words, despite the fact that the HUD 1is collimated at infinity, the eye does
not necessarily focus at infinity when looking at the HUD. The eye may focus
" closer, to some intermediate distance, such as the individual's own resting
dark focus, or perhaps on the surface of the combining glass. So actually,
there's a compromise between looking at some distant target, and the HUD,
which is keeping your eye focussed inwards.

Dr. William Richardson: In other words, ybu have to accommodate continuously
if you're using distant targets and the HUD. :

Dr. Jerry Gard: We’re very careful to insure all the symbols on the HUD are
focussed at infinity - (remainder inaudible). .
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JHI: We measured focus distances through the center of the HUD.
Unknown: Do we know how one switches focus from the HUD to beyond?

Dr. Richard Malcolm: Two comments to two different questions: the first has

to do with this business of solving the switching. It would be wvery
surprising if we had the ability to do very much about what's happening to the
ambient system because it’'s a sub-conscious system. So where we have that

concern about whether we can effectively moderate the way we perceive data via
the ambient system, 1{s a very good one. How can you turn around and moderate
what’s going on and alter your perceptions that are occurring at a
subconscious level when you don’'t even know how you're doing it? It's a very
sophisticated training route that you'd have to become involved in, and T1I'm
not sure we even understand i{t, how you'd go about tralning to moderate or
somehow alter that amblent system to any great degree.

Dr. Richard Malcolm: The second comment that I'd like to make had to do with
the lack of fusion of the image on the two eyes leading to motion-sickness.. I
should point out that Dr. Tom Dobie in the UK has had a program where he has
deconditioned people to motion-sickness, and this has since been replicated by
Allan Benson, with a better that 90% cure rate at the 10 year mark of people
who go through the deconditioning. To make a long story short, what he seems
to think is happening, 1is that people who are motion sick are actually
reacting with the symptoms of nausea and vomiting to a high degree of stress.
He enables them to accommodate the stress better by certian kinds of training
in bizarre moving environments. Well, 1it’s entirely possible that having
double vision is a very stressful thing, depending upon what brings it on, why
it occurs, where you find yourself when it occurs, because it sure ruins your
ability to concentrate when you suddenly can’t bring an 1image back into
fusion. And 1{t’s possible that what we're looking at is that people who are
apparently motion sick at the same time double vision occurs, what they're
doing 1s reacting to the stress of having double vision at a time when they
need good vision. Doble teaches a coplng strategy resulting in a successful
transference.

Unidentified: That'’s very reasonable.
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ABSTRACT

The vertical displacement threshold (DT) was quantified in 24 observers at
each of eight retinal positions along the horizontal meridian (2°, 10°, 30°, 40°,
50°, 60°, 70° and 80° arc) to the right of the fovea and at the fovea at the start
of the horizontal line stimulus' downward movement. Three stimulus durations
(from 0.25 to 4 sec) and three angular rates (from 0.04 to 0.42 deg arc/sec)
were quantified at these retinal positions to determine whether the displace-
ment threshold is mediated predominantly by an image displacement or rate-
sensitive mechanism. Stimulus length was increased incrementally with eccen-
tricity angle from the fovea in accordance with the cortical magnification fac-
tor to determine ‘whether the peripheral retina's ability to discriminate small
displacements can be improved by increasing stimulus length. The results indi-
cated that: (1) mean percent correct judgments of stimulus displacement
decrease with angular separation from the fovea for both the one deg arc long
stimulus as well as the progressively longer stimulus. However, when the
stimulus is systematically lengthened, accuracy is significantly greater at each

““retinal location (p < 0.0001). (2) stimulus angular rate and duration increases
produced significant improvement in displacement accuracy at the 10° and 30°
image positions but not at 40° from the fovea and bevond, and (B)rnean
confidence was significantly influenced by each of the four variables tested
depending upon which stimulus image positions was being tested; stimulus
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position, and duration were significant for the 40° through 80° image positions
as was the stimulus iength by rate two way interaction. - In general, increasing
the magnitude of any of thessvariables lead to higher mean confidence. These
data show that it is possible to partially compensate for the peripheral visual
system's reduced capability to discriminate displacement by lengthening the
stimulus in accordance with the cortical magnification factor. Because this
medification alone does not produce discrimination equivalent to that found at
[ W I‘-\-—na lt sy mmmb e b

the fove sugzcsts that therc arc cother factors which should be taken int
account. Stimulus intensity, velocity, and contrast are considered to be the
significant factars. These data have potentially important implications in the
design of futuare uitea-wide angle atbitade displays for atrerafl

f s -

o ,t

1-11-3




. -—— o -

INTRODUCTION

This study was carried oul.in conjunction with a separate study of the dis-
piacement threshold (UT) to stirmull of various lengths, durations, and angular
rates imagned along the vertical retinal meridian (Haines, 1984b). A review of
prior research dealing with these stirmulus parameters was given along with
justifications for carrying out both studies. The interested reader should con-
sult the earlier report in regard to these subjects. It is appropriate to provide
an abbreviated overview of the rationale for using the cortical magnification
factor as the means for determining stimulus length as an independent vari-
able.

Cor:ical Magnification Factor.

Among the known invariances of visual perception is one having to do with
a retinal stimulus image position scaling law derived from neurophysiological
research. [t is defined as the relationship between the linear extent of primary
(striate) visual cortex in millimeters to which one deg of visual angle projects.
This scaling law will be referred to as the cortical magnification factor (CMT).
The quantification of the CMF presented by Virsu and Rovamo (1979) is used
here. In applying the cortical magnification factor to measures of peripheral
visual acuity, for example, acuity is found to remain invariant with eccentricity
when the test pattern’s size is increased to correspond to the CMF (Drasdo,
1977, Rolls and Cowey, 1970; Whitteridge and Daniel, 1961a,). The same invariant
efle=t has been found for contrast sensitivity in the periphery (Koenderink et

1978). More recent research on spatio-temporal correlation (i.e., movement
within a two-dimensional random dot pattern) where eccentricity angle is
appropriately varied with certain features of the pattern has suggested that
conerent movement in the periphery is also mediated by a particular scaling
law of the CMF type (van de Grind et al., 1983). These last authors remark, "It
was found that the motion-detection performance is roughly invariant
throughout the temporal visual field, provided that the stimuli ore scaled
accarding to the cortical magnificalion factor to obtain equivalent cortical sizes
and velacities at all eccentricities. (italics mine).

As Virsu and Rovamo (1979) have pointed out, use of the cortical
magnification factor in designing stimuli to be used in psychophysical studies
makxes it possible to predict the visibility of various aspects of contrast gratings
indcpendently of their size and visual fleld location. Data from the present
study should provide a basis for determining whether the cortical magnification
factor applles to the displacement threshold along the horizontal meridian as
well., }

In summary, four independent variables arc of interest here. Stimulus
length was varied as a function of the cortical magnification factor with a one
degree long stimulus included at each retinal position as a control. The
stimulus was imaged at various positions along the horizontal meridian (and at
the fovea) to determine how DT varies in the periphery during binocular view-
ing. Finally, duration and rate of displacement also were varied so as to par-
tially repiicate two previous studies (Eaines, 1984b, 1984d).

METHOD

Procedure and Test Desmgn Tire procedure is the same as described else-
where (}-ames. 1984b). Brleﬂy, each” observer read printed test instructions
(Appendix A, and then was given a blackboard demonstration of the general
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nature of the judgment to be made on each sequention, paired-comparison
trial. An eye test battery (Ogtho-rater. far series) then was administered to
ensurs that all Os peoszessed 20:20 or better distance acuity, full and normal
binccular field sensitivity, normal horizontal and vertical phoria balance, and
normal color perception. Once in the darkened laboratory the O's head and
eyes were carefully positioned to lie at the focal point of the stimulus display
optizal system described below. At lease one practice session consisling of 13
pairzd-ccmparison trials was given using similar angular amplitudes and rates
as used in the study. Questions were answered during this time concerning the
correct toggle switches Lo use.

Each O remained in the semi-darkness of the laboratory for at least 15 min
prior to data collection. The stimulus was then adjusted to an intensity 2 log,,
above O's binocular light threshold for the fovea and, separately, for 40 degrees
to the right of the fovea.

The test procedure required O Lo fixate a small (2° diam) point source of
dim white light located at the center of the forward visual display throughout
testing. Ee was to attend to each of two trials which were separated by a 0.2 sec
blank interval. On each trial in a pair, the stimulus appeared at the center of
the display for 1.5 sec after which it descended at a constant angular rate to a
new position. The stimulus remained in its final position for 1.5 sec before it
disappeared. The response interval followed each pair of trials.

The first response required was a judgement of whether the frst or the
second trial in a sequential pair descended the farthest. This was done using
one of two toggle switches. Following this response O had to indicate how
confident he was that his forced choice was correct. A scale from one to nine
- was used where nine = maximum confidence, five = average confidence, and
two = minimal confidence. If the displacement on the two trials appeared to be
so close that the response had to be -made on the basis of a guess, toggle
number one was to be pulled. The observer initiated each pair of trials by pul-
ling a "next trial” toggle. ‘

Stimulus Angular Rate and Duration Variables Studied. Figure 1 presents
the stirmulus rates and durations presented. The upper-left dashed box encloses
the 9 test conditions that were presented at the fovea and at 2° to the right of
the fovea. The middle box encloses the 9 conditions presented at the 10° and 30°
positions to the right of the fovea. The lower-right box encloses the 9 conditions
that were presented at 40° through 80° positions to the right of the fovea. The -
product of rate and duration is given in each cell. It may be noted that 4 cells
were purposely overlapged between the adjacent blocks of cells containing the
fovea and 2° positions and the 10° and 30° as well as two cells in common witl -
both the 10° 30° positions and the 40° through 80° positions. Because of this,
direct comparison of the displacement thresholds and mean confidence
responses was thereby made possible.

¢ A
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Figure 1

Stimulus Anghlar Rates and Durations Tested
(Cell Values Represent Total Displacement Amplitude)

Stimulus Duration (sec.)
| 0.25 0.5 | 1 | 2 ; 4

— ~ 001 002 | 004 |— See |
3 0.04 | Note 1 !
T
.
2 | 0.02 0.04 | 008 0.16 | See
= 0.08 I l \iote27v
= 0.04 008 | o016 " o33 |
= 0.18 |
<
= 0.06 0.13 0.25 0.50 1.0
2 0.25 )
<<
z | o33 0.66 128
= 0.33
£ l
7 o /| - 0.42 0.83 1.67

0.42 See Note 3 L

Note: 1. These 9 cell conditions presented at the
fovea, and at 2° to the right of the fovea.
2. These 9 cell conditions presented at 10° and
30° to the right of the fovea.
3. These 9 cell conditions presented at 40°, 50°,
" 80°, 70°, and 80° to the right of the fovea.

Zacn of the two stimulus lengths was presented under each of the cell con- :
ditions shown in Figure 1. This resulted in a total of 9 trial pairs per experimen- .
tal design times two stimulus lengths times eight stimulus eccentricity positions
to the right of the foveh plus the fovea for a total of 153 trial pair judgments
per O per experiment. Figure 2 illustrates how each of the three groups of 9 tri-
als was preszntecd as a function of stimulus image position. It was not possible
to cellect data with the stimulus centered 20° to the right of the fixation spot
because of apparatus limitations. All data collection was completed typically
within a two hour period with a short break given in the middle. Presentation
order of the stimulus length, rate, and duration conditions was randomized
wiliin each image position condition. Stimulus image position presentation
orcder also was randomized.
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Figure 2

Stimulus Image Positicn and Length Parameters Tested
at Sach Retinal Image Position.

Stirnulus hinage Posiion {(dey)

Stimulus L

o | 2T | oo
T 11
20 0 1 R '
100 | 2 | 2 |
o= |1 1 el |
40° | 3 ‘ t 3.
50° | 3 ’ 3
60° | 3 3
7¢° | 3 3
80° { 3 | 3

Note: The number 1 in a cell indicates that the upper-left group of 9
cells of Figure 1 were presented. The number 2 in a cell indicates
that the middle 9 cells of Figure | were presented. Number 3 in a cell
indicates that the lower-right group of cells were presented.

Apparatus. The apparatus has been described in detail elsewhere (Haines,
1984a; 1984b). Briefly, display coordinates and dynamic equations of motion for
the stimulus were programmed on a PDP ¥1/60 computer which provided the
required control to an Evans and Sutherland Picture System II display system.
The output of this system was displayed on one of two 21 inch Zytron (model
A21R-7C) calligraphic thonitors. One was located directly in front of the
observer while the other could be positioned at any eccentricity angle desired
to the right of the first. The tube face of each monitor was viewed by reflection
off identical 25 inch (63.5 cm) focal length spherical mirrors and beam-splitter
plane mirrors so as to image the stimulus at apparent optical infinity (0.01 4).
The mathematical derivation of the stimulus placed it at a geometrically-
equivalent position 50,000 feet from the eyes with the eyes at 50 feet height

above an imaginary flat ground plane. .

The white stimulus subtended two min arc (0.58 mrad) in thickness-and
and each of the lengths indicated in Figure 2. It always remained horizontal.

- The fixation spot was located on the center display's vertical center line. The

tolal verlical angle sublended by each collimaling display was 22° arc. Bach
display was surrounded by a diffuse,~approx. 3% reflectance, black painted
metal frame which was dimly illdminated by two forty watt tungsten
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incandescent lamps operated so as Lo achieve an illuminance of 0.004 fL-¢., so
Lthat O could just discriminale Lhe presence of a stable frame surrounding Lhe
Leomogeneously dark disglay feld.

A low light tevel closed circuit TV camera was rigidly mounted to the bot-
tom of the center display unit facing O's face. A deep red-filtered, low-wattage
tungsten lamp was used to illuminate O’s facial region enough to be clearly visi-
ble to the experimenter on a monitor. This permitted continuous monitoring of
the eye position and approximate visual fixation stability. Lateral and vertical
shifts of the head greater than = 0.25 inch from the nominal focal point of each
optical display was not permitted. The O did not know he was being monitored
via the TV camera. :

Observers., Twenty four male observers took part. They ranged in age from
16 to 37 (mean = 24.4) yrs. Three were licensed pilots having from 50 to 1,200
(mean = 487) flight hours. Only one had taken part in a previous investigation
and was already familiar with the procedures; all observers were given the
same set of training trials. ‘ :

RESULTS

This study has quantified the displacement threshold foe Lhree stimuolus
durations, Lhree rates and Ltwo lengths at each of nine retinal positions from
the fovea Lo 80° arc to the right cf the fovea on the horizontal meridian during
binocular viewing. Since both eyes viewed the fixation point and the boundary
between the binocular and monocular visual fields overlap at approximately 60°
arc from the fovea, stimuli imaged within about 60° from the fovea stimulated
both eyes while stimuli imaged beyond about 80° from the fovea stimulated only
the right eye. '

. The data were analyzed initially following the procedure outlined by Guil-
ford (1954) regarding paired comparison, forced choice data. Briefly, the mean
proportion (P) of all trials judged correctly as possessing the largest vertical
displacement for a given test condition was determined along with its
corresponding normal bivariate (Z) transform. These mean proportion correct
data were then used as the dependent measure in analyses of variance (Perl-
man, 1980). Data used in each analysis of variance consisted of mean responses
averaged across groups of from seven to fifteen observers according to which
random order group they were in.

Because different stimulus rates and durations were presented at various
retinal positions [viz., fovea, and 2°], [10° and 30°], [40°, 50°, 60°, 70°, and 80°]
to Lhe right of the Tovea, a separale statistical analysis was performed on each
‘of these groups. In all cases (except one) the analysis of variance included four
(fixed) main effects: stimulus rate, duration, length, and image position. For the
0° image position only one stimulus length was presented. The results for each
effect are discussed in separate sub-sections to follow. Guess responses were
deleted from the data.

I Mean Percent Correct Results for the Foveal and 2&° fmage
Position to the Right of the fovea (Guesses Deleted).

An analysis of variance (Perlman, 1980) was conducted on the mean pro-
portion correct data with two levels of image position (0°, 2°), three angular
rates (0.042, 0.084, and 0.167 deg/sec)., and three durations (0.25, 0.5, and 1
sec) considered fixed main efects. The stimulus image position and length vari-
ables were '"between” and stimulus duration and rate "within” factors in this
analysis. Stimulus length could not be tested since both lengths were not
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studied at boin image positions.

The only signidcant finding was image position (F = 2248, df = |/, p =
L5012, Jae mean (S1) percent correet was 97.8 (7.2) and 83.8 (22.5) for the
tovea and 2° positions, respeclively. These resulls are plotted later (Figure 3)
in moriunction with the other data from this study. The rapid fall-off in perfor-
mance capability within two degrees of the fovea is not unexpected. Similar
periormance degradation has been noted for a variety of response measures.

1. Mean Percent Correct Resulls for the |OF and 30" imcge
Position to the Right of the Fovea (Guesses Deleted).

An analysis of variance (BMCP2V) was conducted on the mean percent
carract data for these two image positions. In addition, there were two levels of
stimulus length (12, variable at each eccentricity angle), three angular rates
(0.283°/sec. 0.187%/sec, 0.25°/sec), and three durations (0.5, 1, 2 sec).
Stimulus image position and lerngth were considered "between” factors while
stimulus duration and angular rate were considered "within” factors. As before,
guess responses were not included in these analyses. Three of these four main
effects were found to be statistically significant. It should be kept in mind that
the grand mean data for these two image positions cannot be compared with
the g-and mean data for the fovea and 2° positions since different values of
duraticn and rate were tested. Nevertheless, these mean results are plotted in
Figurz 3 together with the results for the 0° and 2° image positions.
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Mean Perzent Correct Disglhtement Judgments as a Functicn of Stimulus
Image Positions Between the Fovea and 30° to the Rizht
of the Fovea for Each Stimulus Length.
100 T Y f'(L T T '
L l » d .
%0 \0(2“27') ~o ¥'55"
| T~ ~  VARIABLE LENGTH STIMULUS '
ARC LENGTH IN PARENTHESIS
\(\ )
8o+ ‘ .
g ~—~ \<(SLOPE =-
9 ~ (10’01 [
v 70 -
S 1
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z PVCAL ONE DEGREE ARC
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N=24 -
CONF: 2.9
50 - -— -~ 4
CHANCE LEVEL
PERFORMANCE
11.9% 24.7%
"N
40 1 1 L ool —t
2 M 10 30

STIMULUS IMAGE PCSITION, deg TO RIGHT OF FOVEA

Stimulus /mage Position Results: Mean (SD) percent correct displacement
judgments were significantly lower at 30° arc from the fovea than at 10° arc
from the fovea (F = 12.03; df = 1/47; p = 0.001). At the 30° position 68.5 (46.5)
percent of the judgments were correct compared to 83.3 (37.4) percent correct
at the 10° position. -

! Stimulus Duration Resulis: Lengthening the duration of the.stimulus’
movement produced sigpificantly improved performance (F = 3.83; df = 2,/94; P
= 0.028). At 0.5 sec duration the mean percent correct (SD) displacement judg-
ment was 67.3 (47.1). At 1 sec it was 76 (42.9) percent, and an 2 sec it was 80
(40) percent. This main effect was also found to be significant in an earlier
study using similar stimulus parameters but imaging the line stimulus along the
vertical retinal meridian (Faines, 1984b).

Stimulus Angular Rate Results:Increasing stimulus angular rate produced
a significant increase in the mean perecent corrcct displacement judgzments (B =
19.2; df = 2/94; p < 0.0001). For the slowest rate of 0.083°/sec mean (SD) per-
cent correct judgment was 58 percent (49.5). For the intermediate rate of
0.187°/sec it was 81.3 (39.1) percent while at the highest rate oi 0.25%/scc it
was 84 (36.8) percent. Most of the improvement was accounted {or by going
from the lowest to the intermediate angular rate.

None of the two or three-way Tr;te;9ctions or the four-way inlteraction was
significant. It should be noted that the stimulus length main effect was not
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significant. This was also the case for the 2° and 10° image positions on the

verical meridian in the previous study (Kaines, 1984b).
. L

lIl. idecn FPercent Correct Resulls for the 407 Through 80" fmage
Pasiticns Lo the Right of the Fovea (Guesses Delated).

The analysis of variance that was conducted on these mean data (Per'man,
1980) included five levels of image posifion (40° 50°, 60°, 70°, 80°%), two levels of
stimulus length (1°, variable at each eccentricity angle), three angular rales
(0.25%/sec, 0.333°/sec, 0.4177/sec), and three durations (1, 2, 4 sec). The
siuimulus image position and length variables were treated as "between” and
stimulus duration and rate as "within" factors here. :

Stimulus fmagze Pasition Rasults: The analysis of variance showed that as
the stimulus was imaged progressively farther from the fovea mean percent
correct displacement judgments decreased significantly (F = 32.6; df = 4/8:p <
0.0001). These mean percentages (SD) were: [40° 87.5 (15.7); 50°; 70.8 (30);
B0°; 71.5 (24.1); 70° 66.1 (28.2); 80°; 49.2 (30).

The mean percent correct results are plotted in Figure 4 with minus one
SD shown for each stimulus image position and length condition tested.

Figure 4

Mean Percent Correct Displacement Judgments as a Function of
Stimulus Image Positions Eetween 40° and 80° to the Right
of the Fovea focr Bach Stimulus Length Condition.
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Stimulus Length Results: The analysis of variance showed that the accu-
racy of displacement judgments was significanbly influcneed by stimulus length
(' = 203; df = 1/2; p = 0.003) such thal the mean (SD) percent correet for the
1° arc long stimulus across these image posilions was 60,1 (29.4) while ¢t
increased to 77.9 (25.2) for the variable stimulus length condition. This same
effect was also found for the 20° 309 and 40° image positions above the fovea in
the earlier study (Faines, 1984b). None of the other main effects or interac-
tions was significant.

Summary of Stimulus Inage Position Results Across all Positions: Figure 5
presents mean percent correct across all nine retinal image positions studied
averaged across stimulus length, rate, and duration. Since different durations
and rates were used across these positions, the use of a single linear, least
squares fit curve is somewhat misleading. Nevertheless, the general descending
trend in percent correct with increasing eccentricity is apparent. Mean
stimulus duration and angular rate for the three separate data groups is given
along with the mean displacement amplitude (min arc). It will be noted that the
mean displacement amplitude of 3.37" arc for the foveal and 2° positions is 28.8 -
percent of the mean displacement amplitude of 11.7' arc for the 10° and 30°
positions. Likewise, this last value is 25.2 percent of the mean displacement
amplitude of 48.55' arc for the 40° through 80° positions. Thus, each succeeding
data set to the right in Figure 5 represents approximately a 3.5 times larger
stirnulus mean displacement than the group to its left which would be expected
to elevate mean percent correct in each succeeding group somewhat. This
figure does not illustrate the stimulus length effect which is shown in Figure 5
for the 40° through 80° positions.

Figure 6
Mean Percent Correct Displacement Judgments, as a Function

of Stimulus Image position Across all Stimulus Image
Positions, Rates and Durations and Both Lengths.
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IV, iecn Fzreent Correcl es a Funchion of Angular Raole.

Cne Deg 2e Stimulus Resuylls: Figures 6 through 10 present mean percent
correct ploited as a function of angular rate to illustrate how rate and eccen-
teicity tnteract. The stimulus length is one degree arc for all figures in this
series. Each figure presents the mean data for a separate stimulus duration.

Figure 6

Me=an Percent Correct as a Function of Angular Rate for the
Fovea and 2° Image Positions for 0.25 Second
. " 2 - . .
Duration, Cne Degree Stimulus Condition.
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Figure 7

Mean Percent Correct as a Function of Angular Rate for
0° through 30° Image Positions for the 0.5 Second
Duration, Cne Degree Stimulus Condition. =~ ®
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Figure 8

Mean Percent Correct as a Function of Angular Rate
for all Nine Image Positions for the One Second
Duration, One Degree Stimulus Condition.
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Figure 9

Mean Percent Correct %3 a Function of Angular Rate for the 10°
Through 90° Image Positions for the Two Second Duration,

e
One Degree Stimulus Condition.
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Fig ure 10

Mean Percent Correct as a Function of Angular Rate for the 40°
Through 80° Image Positions for the Four Second Duration,
One Degree Stimulus Condition.
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Figures 8 through 10 deserve further comment. Comparing the results
within any given figure. there is a trend for mean percent correct to decrease
with retinal image eccentriély as has: been noted previcusly. Rezarding
increasing!y long durations, it can be pointed out Lhat at the fovea, litile
improvement is obtained beyond 0.5 sec while at 2° from the fovea, improve-
ment is seen going from 0.5 to 1 sec duration. That is, there appears to be a
position-duration tradeofl at .this image position. At 10° eccentricity the
influcnce of longer durations is not as clear cul with the greatest improvement
seen going from 0.5 to 1 second. At 30° eccentricity and beyond there dces not
appear to be any clear cut trend in the mean percent correct as a function.of
duration.

Considering the 40° and larger image positions of Figures 8 through 10, it
is important to point out the fairly high accuracies achieved at relatively large
eccentricity angles when duration is increased. Thus, above (75 percent) thres-
hold performance was achieved with the one deg arc long stimulus imaged 40°
arc from the fovea for all three angular rates tested (cf. Figure 8). The majority
of data points in Figure 10 (4 sec duration) are higher than in Figure 9 (2 sec
duration). Nevertheless, performance seems to be at or near chance level for

stimuli imaged at or beyond 50° arc from the fovea for durations of from 1. to 2
seconds.

Variable Length Stimulus Results:Figures 11 through 15 present mean per-
cent correct as a function of angular rate for the various stimulus durations
and variable length stimulus conditions tested. This is Lo show how image posi-
tion interacts with angular rate and to provide a comparison with the one
degrze arc long stimulus data of Figures 8 through 10. In general, the same
general observations may be made for the variable length data as were made
for the one degree stimulus data: (1) There is a general trend for mean percent
correct to increase with an increase in angular rate and for the mean percent
correct to decrease with an increase in eccentricity of the image from the
fovea. (2) For the shortest duration tested, stimulus length did not have an
obvious effect on displacement accuracy within 2° from the fovea. However, for
the 2 and 4 second durations the periphery beyond about 40° from the fovea
yielded consistently higher accuracy when the variable length stimulus was
used. It appears from these data that the far periphery integrates stimulus dis-
placement over longer motion durations than does the retinal locations located
nearer the fovea.
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Figure 11

\{2an Parcent Correct a¥’a Function of Angular Rate for the Fovea
and 2° Image Positions for the 0.25 Second Duration,
Variable Stimulus Length Condition.
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Figure 12

\fean Percent Correct as a Function of Angular Rate for the 0°
Through 30° Image Positions for the 0.5 Second Duration,
Variable Stimulus Length Condition.
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PERCENT CORRECT

Figure 13
Mean Percent Correct as a Function of Angular Rate for the
0° Through 80° Image Positions for the One Second
Duration, Variable Stimulus Length Condition.
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Figure 14
Mean Percent Correct as a Function of Angular Rate for the
10° Through 80° Image Positions for the Two Second
Duration, Variable Stimulus Length Condition.
100 T T | p—
90} PVCAL 10‘13/ 4
L.
exprse - !
N =24
80 - .
- CONF: 29
(]
w STIM LENGTH: VAR
& 79T STIM DURATION: 2 sec "
(8]
s 7/ o
s y / P80
W 60 / A . E
[*)] 3
2 30°0 /o/
w
-3} “ {.‘
50| . ————
: ' CHANCE LEVEL
. PERFORMANCE .
40 SN .
: XY ".
30 1 e b 1 1 ] 1 1 2 j 1 L. 1
04 .05 .06 .07 .08 .09 .1 .15 2 3 4 5

STIMULUS ANGULAR RATE, deg/sec

1-11-18




Figure 15

Mean Percent Corrac®as a Function of Angular Rate for the
40° Through 80° Image Positions for the Four Second
Duration, Variable Stimulus Length Condition.
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V. Mean Confidence Results for the Foveal and
2 Fnage Position. (Guesses Deleted).

It wiil be recalled that only one stimulus length (viz., 1°) was presented at
the fovea. Consequently, the stimulus length factor could not be tested here.
The analysis of variance (Perlman, 1980) included the same three main effects
discussed above in Section /and will not be repeated here. The only statistically
significant finding was stimulus rate (F = 34.4; df = 2/2; p = 0.028). Thus, mean
(SD) confidence at a rate of 0.042°/sec was 5.64 (1.5); at a rate ot 0.083°/sec
" mean confidence was 6.79 (1.2); and at a rate of 0.167°/sec mean confldence
was 8.02 (0.9). ",

A separate analysis.of variance was conducted only on the 2° image posi-
tion mean confidence data since both stimulus lengths were presented.
Stimulus duration and rate also were tested as main eflects. This analysis
showed that both stimulus duration and rate were significant while length was
not. An F value of 22.3 was found for stimulus duration (p = 0.007); an F value
of 40,4 was found for the stimulus rate main effect (p = 0.002). None of the
other main effects or their interactions was significant. '

VI, Mecn Confidence Resulls for the 10° and 30¢
Image Position. (Guesses Deleted).
The analysis of variance (BMDP2V) conducted on these mean confidence
data included both image positions"@hd stimulus lengths (both between factors)
as well as three angular rates (0.083°/sec, 0.167°/sec, 0.25°/sec), and three
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durations (0.5, 1, 2 sec). As before, rate and duration were within factors in this
analysis. The findings are presented in separate sections.

Stimulus /mage Position Results Mean confidence was mgmﬂcantl) lower at
the 30° image position than at the 10 position (F = 18.2; df = 1,/46; p < 0.0001).
Mean (SD) confidence = 5.63 (2.52) at 30° and only 3.68 (2.22) at 10°. The image
position by stimulus length two way interaction also was Slgmﬁcant (F = 4.78; df
= 1/46; p = 0.03).

Stimulus Duration Results: Mean confldence was significantly higher as
duration of stimulus displacement increased (F = 18.1; df = 2,/92; p < 0.00001).
Mean confidence for 0.5, 1, and 2 sec durations was 4.02, 4.92, and 5.43, respec-
tively. None of the duration interactions was significant.

Stimulus Angular Rate Results: Increasing angular rate produced a
significant increase in mean confidence (F = 24; df = 2/92; p < 0.001). For the
lowest rate of 0.083°/sec mean confidence was 3.45; the intermediate rate of
0.167°/sec mean confidence was 5.23, and for the highest angular rate of
0.25°/sec, it was 5.89. The rate by duration interaction was found to be
signiicant (F = 3.90; df = 2/92; p = 0.024) as was the rate by duration by
stimulus length three-way interaction (F = 3.46; df = 2/92; p = 0.036).

It may be noted once again that stimulus length was found not to be a sta-
tistically significant main effect in this analysis.

e

VII. Mean Confidence Results for the 40° Through 80°
Mnage Position. (Guesses Deleted).

The anélysis of variance (Perlman, 1980) conducted on these mean
confdence data included all four main effects cited in Section [/ above.

Stimulus fmage Pssition Results:Imaging the stimulus increasing far from
the fovea produces significantly reduced confidence (F = 5. 08; df = 4/8; p =
0.025) as might be expected. This is plotted in Figure 18.

Figure 18

Mean (+ 1 SD) Confidence as a Function of Stimulus Image Position.
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timulus Length Results: This factor was not statistically significant.
Nevertheless, the longer stimuli tended to yield higher mean confidence, as
rizht b2 expected. -t

Stimulus Duration Results: Lengthening the duration of the stimulus
motion produced significanty increased confidence (F = 7.9, df = 2/4:p = 0.041)
which is presented in Figure 17.

Figure 17

Mean (= 1 SD) Confidence as a Function of Duration.
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Stimulus Angular Rate Results: This main effect was not significant.

Mteraction Results: The, analysis found that stimulus rate interacted
significantly with stimulus length (F = 29.3; df = 2/4; p = 0.004). Figure !8illus-
trates the nature of this interaction which appears to result from a differance
ir: slopes of the two linear, least square curves fit to each data set. None of the
other interactions was significant.

Figur= 18

Mean (= 1 D) Confidence as a Function of Angular
Rate for each Stimulus Leng*h.
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V1. Mean Displacement Threshold Results.

Two separate analyses of the mean dispiacement threshold (DT) were made
(a} Mean Ji as a fundtion oAstimulus duration, and (b) Mean DT as a function
o!f stimulus image position.

Stimulus Duration Results: Mean vertical displacement thresholds (DT}
across stimulus duration for all stimulus positions were determined using a 75.
percent correct criterion. These results are presented in Figure 19 for the one
degree stimulus length and in Figure 20 for the variable stimulus length. Figure
13 1s based upon interpolations from Figures 6 through 10 where the mean
curves passed through the 75 percent correct level. When they did not no data
point could be derived for inclusion in Figure 19. Likewise, Figure 20 is based
upon interpolations of Figures 11 through 15. On a log-log plot such as this a
horizontal line would indicate that the stimulus must move through a constant
angular displacement in order to evoke a threshold response while a linear
s.ope of plus-one would indicate that velocity and duration are reciprocally
related such that DT is determined by a constant angular velocity, 1t can be
noted that for any given retinal image position, the slope of the best fit linear
curve tends to increase wilth increasing retinal eccentricity for both the one
degree arc long stimulus as well as for the variable stimulus length. This sug-
gests that the farther into the periphery the stimulus is imaged the more
stimulus angular velocity contributes to the judgement. It also may be noted
that at each retinal position, lengthening stimulus duration produces an
increase in mean DT regardless of stimulus length.

Figure 19
Mean Displacement Threshold as a Function of Stimulus

Duration for all Stimulus Image Positions for
the One Degree Arc Long Stimulus.
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Figure 20 -

Mean Displacement Threshold as a Function of Stimulus
Duration*for all Stimulus Image Positions
for the Variable Length Stirmulus.
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Stimulus fmage Position Results: Mean DT was also determined as a func-
ion of stimulus image position for each duration and stimulus length. These
are presented in Figure 21 for the one degree arc long stimulus and in

22 for the variable lersgth stirulus condition.

Figure 21

Mean Dis'placemént Threshold as a Function of Stimulus Image Position
for BEach Duration for the One Degree Stimulus Length Condition.
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Fxgure 22

Mean Dlsplacemen‘\. Tbres‘xold as a Functlon of Stimulus Image Position
for Each Duration ff the Variable Stimulus Length Condition.
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Referring to Figures 21 and 22 it can be noted that mean DT increases with
increasing image position eccentricity at all of the durations tested. This
finding is implied in Figures 6 through 15 as well. In addition, mean DT tends to
be lower (increased sensitive) for the variable length stimulus condition. That
is, the longer the stimulus at any given retinal position the less it has to move
in order to be correctly perceived as having moved. This has been noted previ-
ously by Mattson (1976) and McColgin (19560).

The question may be raised whether or not there is any advantage to be
gained by progressxvely lengthening peripheral stimuli? Referring to Figures 21
and 22 it may be noted that beyond 10° from the fovea consistently smaller
mean DTs are obtained for the variable (longer) length stimulus at 1 and 2 sec
duration. At 10° to the right of the fovea and two second duration, for example,
mean DT decreases from 10 min arc to 6.8 min arc. And at 60° to the right of the
fovea and two second duration, mean DT decreases from 40 min arc to 28.5 min
arc.
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IX. Ervor and QGuess Fate Results.

These data are presented in three sections (a) total errors, (b) total errors
committed when O also had a finite confidence that he was correct, and (c)
total guesses. .

Total Errors. The total number of errors (incorrect choice of which trial
possessed the stimulus displacement) were determined for each observer and
irnage position for the variable length stimulus and the one degree arc long -
stimulus length. They are presented in Appendix B and C, respectively. Figure
23 presents the total errors (mean) as a function of stimulus image position for
each of the two stimulus lengths studied.

Figuré 23

Total Errors (Mean) as a Function of Stimulus Image Position
for Each Stimulus Length Condmon
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It should be noted that the data for the fovea was simply repeated from the
one deg stimulus length for the variable stimulus length in Appendix B and C.
The mean (SD) for each image position also is given. It was found Lhat: (a) while
the number of errors Lends Lo Increase with increasing evccentricily of the
stimulus’ image the effect is by no means regular. Indeed, there appears to be
a rather marked discontinuity at 40° eccentricity, which can perhaps be attri-
buted to the increase in both rate and duration when going from 30° to 40°
eccentricity; (b) these errors are distributed over all 24 Os fairly regularly with
no single O accounting for a disproportionately large number of errors.
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Total Errors Cormnmilted Phen O Had Some Degree of Confidence That He Was
Correct. These mean results are presented in Figure 24 and Appendices D and E
fcr the variable and one degrge arc long stimulus length condition, respectively.

Figure 24 N
Total Errors (Mean) Within a Confidence Range of 2-9
(i.e., all guesses deleted).
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It may be noted that the same general observations as given above for the
total number of errors may be made here. It was surprising that these Os had
as many wrong judgments as they did while, at the same time, being relatively
confident that they were right. The perception of displacement in the peri-
pheral visual field was difficult at best. Often O had only a vague awarness that
the stimulus line had "shifted”. In some cases O was not even sure what direc-
tion it had moved. Also, no single O accounted for a disproportionately large
percentage of these “errors made with confidence”.

M
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Total Guesses. The total number of guesses made by each O for each

stimulus image position is given in Figure 25 and in Appendix F for the variable
stimulus length condition and in Appendix G for the one degree arc long
stimulus lengtbh condition. Inspection of these data show that: (a) there is a
general tendency for guess rate to increase with an increased stimulus image
angular separation from the fovea, (b) at any retinal image position (except 2°
and 40°), fewer guesses were made when the longer stimulus length was
presented, and (c) no single O accounted for a disproportionately large numbter -
of guesses.

Figure 25

Total Guesses (Mcan) as a Function of Stimulus Image Position .
for Each Stimulus Length Condition.
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DISCUSSION

In this study it has been shown that the displacement threshold (DT)
increases with an increased angular separation of the stimulus image from the
fovea. That is, the stimulus must move farther in order to be correctly discrim-
inated as having moved. Mean DT also increases, at any retinal image position,
with an increase in stimulus duration. In addition, within the range of present -
stimulus parameters,'improved displacement sensitivity can be expected by
increasing stimulus length, duration, and/or angular rate, a finding in agree-
ment with earlier research from the authors' laboratory (Haines, 1984b, 1984c,
1984d) and elsewhere (Johnson and Leibowitz, 1976; Johnson and Scobey, 1982;
Mattson, 1978). While each of these stimulus characteristics may have relevance
to a number of different research areas only three topics will be discussed here:
(1) the mechanism that may underly this displacement judgment, (2) possible
contributors to a composite invariance expression, and (3) one possible appli-
cation for these results. : ' : .

Perceptunl Discrimination Mechanism. It has been pointed out by Hender-
son (1971) that the perception of movement should be limited by the capacity
of the retina to summate eflects over both time and (retinal) distance so that
"..the greater the proximity of two stimulations in either of these dimensions,
the greater the neural cooperation between their eflects and the less (will be)
their distinctiveness.” Thus, any reciprocity found between DT and stimulus
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duration implies that such discriminability requires longer delays at shorter
separation distances and permits shorter delays at greater distances.

Keferring to Figures 19.and 20, it is seen that there is a tendency for the
siopes ol the least squares fit curves to increase with an increase in stimulus
duration at each retinal image location. As has been discussed in details else-
where, on a log-log plot such as this the steeper the slope the more stimulus’
angular velocity contributes to this judgment (cf. Haines, 1984c; Johnson and
Leibowitz, 1976 for further discussion).

Some comment is called for regarding the use of different length stimuli
imazed at different retina positions and the fact that binocular vision was
employed. The typical boundary separating monocular from binocular vision on
the right side of the visual field on the borizontal meridian is at (approximately)
60° Irom the fovea. Thus, a stimulus that extends from less than to greater than
this eccentricity will stirnulate both modes of vision. Such a circumstance com-
piicates data interpretation at best. Now let us consider the above fact in light
of the present stimmulus length variable studied.

When a one degree arc long stimulus is imaged at some peripheral location
at the start of its downward displacement its image will remain upon a relatively
limuted population of receptors for all of the displacements studied here. Use
of a longer (variable length) stimulus at the same peripheral location will
necessarily cause the image to be swept across a wider array of receptors. For
binccular vision the number of receptors is approximately double that of mono-
cular vision.

Possible Contributors to a Composite nvariant Exrpression. The concept of
the cortical magnification factor acting as a visual field spatial invariant was
discussed in the introduction to this paper and elsewhere (Haines, 1984b). The
fact that stimulus length may be increased at increasingly eccentric retinal
positions to improve displacement sensitivity was not unexpected since the
same eflect was found in a previous study of the vertical meridian using closely
similar stimulus parameters. Presumably, this particular result is due to the
fact that the retinal image of ever-longer stimuli sweep over increasingly large
numbers of receptors during its displacement which provide for a higher
spatio-temporal correlation. Presumabably, the higher the correlation the
more information is available for "interpretive" cortical centers (Graham et al.,
1948; Mattson, 1976). However, since performance is not maintained at a fully
foveal-equivalent level suggests that the spatial attribute of stimulus length is

- not the only attribute that must be appropriately varied. It is likely that
stimulus intensity also must be increased with greater angular ecrentricity to
compensate for the progressive fall-off in pupillary aperture viewed at more
oblique angles. The author has found support for this contention using a reac-
tion time measure (Haines, 1975). Other stimulus attributes also likely play a
part.

If the degree to which perceptual performance in the visual periphery
differs from performance at the fovea may be accounted for by an appropriate
combination of all relevant stimulus attributes that can be shown to vary with
angular eccentricity from the line of sight, then it should be (theoretically)
possible to derive a composite invariant (Cl) expression which one could use to
design significantly more "effective” stimuli for placement literally anywhere
within O's FOV. This concept is illustrated schematically in Figure 26 where per-
cent correct on the ordinate is plotted as a function of stimulus image position
across the horizontal retinal meridian on the right side. The horizontal line at
100 percent is the desired theoreticaBy perfect Cl curve for a particular design
situation. In most instances this is equivalent to foveal sensitivity. The lowest
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curve (A) represents the accuracy of displacement judgments derived from the
present study where a spatial invariance component related to stimulus length
has been employed. Curveb(B) represents the theoretical performance curve
that might result from including a stimulus intensity invariant (cf. Haines,
1975) to the stimulus length invariant which produced curve (A). The difference
between curve (B) and (C) represents the influence of including a third invar:-
ant component to account for regional variation in stimulus velocity (c!. van de
GCrind et al, 1983). Curve (D) represents the theoretical performance cur
which might result from including an invariant compoent to account for
regional variations in image conirast (cf. Koenderink et al., 1978). Of course
there may be other invariants as well whose combined influence will result in
the uppermost curve labelled as the Cl curve.

Figure 26
Eypothetical Distribution of Invariant Components Contributing

to Foveal-Equivalent Displacement Sensitivity
Across Half of the Visual Field.
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Of course, an important question is the relative weighting to be given to
each invariant parameter as well as whether they are additive, subtractive, mul-
tiplicative, divisive or invoive some other relationship. No parametric tests have
been conducted to date in which all invariants are compared with each other
under identical test conditions or using common threshold judgment criteria.
This is a task that should receive the immediate attention of investigators. It is
suggested that the relative ranking in importance of these stimulus parameters
should be based upon established knowledge of which characteristics most
influence motion sensitivity. Thus, stimulus angular subtense, mtensxty. angular
rate, and duration likely contnbl\ﬁel}:e most to the ClL
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A Possible Application for These Results. It remains to discuss one way
which the present mean DT data for the horizontal meridian and previous DT
data for the upper half of the vertical meridian (Haines, 1984b) might be
applied in an airplane cockpit display symbology design situation. Traditionally,
all symbolic {(alphanumeric and non-alphanumeric) flight guidance and control
information has been provided on separate dials, guages. and other indicators
mounted in opaque instrument panels located throughout the cockpit. Due to
thc nced to display a large amount of information, each individual display
needed to be relatively small in order to accommodate thern all. As the number
of different displays increased per unit area of the pilot's field of view another
trend also was developing, viz., presenting more than one parameter within a
given display (so called multi-function displays). This contributed to increased
pilct workload and somewhat lengthened (visual) dwell times on these displays.
A subsequent approach to try to help overcome some of these problems was to
present certain information on peripherally located displays. A variation of this
approach is known as the "Maicolm Eorizon" or the "Peripheral Vision Horizon
Display” (PVED) (Anon, 1984).

The PVED is a cockpit projective display designed to help reduce pilot
disorientation by providing a gyro-stabilized straight luminous line across their
field of view within the cockpit. In most configurations of the PVHD the line
remains parallel with but displaced downward from the apparent location of the
real world borizon. Theoretically, this line is supposed to provide useful pitch
and roll orientation cues at an "unconscious” level of processing so as to permit
ongoing central visual fleld processing as usual. The concept presented below
is based partially on the PVHED concept and partially on more traditional head
up display (HUD) design concepts (cf. Jenny et al., 1971).

1-11-32




An ultra wide field head up display is illustrated in Figure 27. Justifications
for and details of this display are given elsewhere (Haines, 1984e). Shown here
is & cockpitl of the future xhere the crow is surrounded by a transparent "bub-
ble” canopy whkich has the capacity of presenting computer-controllied symbol-

ogy.

Figure 27

Artist's Conception of an Ultra-Wide Field Aircraft Head-up Display.

Data from Hainks (1984b) and the present study may find application in
the design and placement of symbology for an ultra-wide field HUD such as is’
llustrated above. For example, if pitch-related information should be
presented in the far visual periphery, to help reduce the workload involved in
information processing in the central visual field, then the present data is
applicable. For example, by lengthening the line stimulus appropriately in the
upper portion of the visual field or to either side-of the line of sight, pitch
discrimination sensitivity will be maintained at high levels. In the case of the
vertical retinal meridian above the fovea, the data from Haines (1984b) has
shown that a pilot can look down at his instrument panel (a vertical angle of
about 30° from level) and still be able to perceive the vertical displacement of
the distant horizon as small as 8 - 10 minutes of arc as long as the line stimulus
is at least 17° arc long. Other such applications will be left up to the reader.

~ 3
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' APPENDIX A

Test Instructions

l READ THESE INSTRUCTIONS CAREFULLY. FEEL FREE TO
ASK ANY QUESTIONS TO BE SURE THAT YOU FULLY
l UNDERSTAND WHAT IS REQUIRED OF YOU.

"This is a study of how well you can discriminate very small movements of a
single horizontal line that appears to be a great distance away. Your participa-
tion in this study is divided into two parts, an initial training and familiarization
part and a data collection part. You will be told when training is complete. In
additicn, an experimenter will give you a detailed briefing on the operation of
all equipment and how you are to respond. Be sure to ask questions if anything
is not clear.”

"Your tasks include: (1) following all instructions exactly about where to
Jfizate (look steadily), (2) which response toggle switches to use, and (3) striving
Jor accuracy and not speed. You will begin each trial yourself by moving a
"NEXT TRIAL" toggle switch when you are ready to do so.”

"During this study you are to look as steadily as possible at a small white

“dot at the center of of the screen directly in front of you. A white, horizontal

stimulus line will be located at some distance away to the right of the dot, at

the same level as the dot. If you should look away from the dot momentarily, try
to look back at it as soon as you can.”

"Two separate finger pressing responses are required. Before each is
described it is'necessary to describe the nature of the observing task. After a
brief period of time this line will fall slowly downward to some new position.
After it has remained in its new position for a second or so, it will disappear and
then reappear at its original position. Then it will descend a second time and
then stop for a second or so and disappear. Your first judgment is simply to
compare the two downward movements and decide on which trial the horizontal
line dropped the most, i.e., through the largest vertical angle. Pull the "number
one"” toggle switch toward you if you think it was the first of the two trials on
which the line dropped the most. Use toggle "number two” if you think it was
the second trial. It is absolutely necessary for you to make a choice on every
pair of trials no matter how difficult the judgment may seem. In fact, the exper-
iment will not proceed until you do select toggle "one” or "two”. To help you
locate these two toggle switches in the darkened laboratory, a small red light
will appear just above each toggle switch."”

"It is also important not to take into consideration anything you had seen
on earlier trials in the experiment. That is, consider each pair of trials a small
experiment by itself. What happened previously has no bearing at all on the
current judgment.”

"The second finger response you are to make is a confidence judgment.
After completing the above judgment (using toggle "one" or "two") you will
notice a row of nine small red lights come on above nine toggle switches on the
left side of your response panel. Let toggle ‘“ftwo” represent minimum
confidence that your previous judgment is correct. Let toggle "nine" represent
100 per cent confidence that your previous judgment is correct. Toggle "five”
in the middle of the scale represent a "moderate amount of confidence." Based
upon that criteria, you can pull any of the toggles between two and nine based
upon your judgement. If you have to make a pure guess between toggle “one”
and "two" then press toggle "1"” during this confidence judgment period.
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To summarize:

Toggle " Meaning
1 Pure guess
2 Minimum confidence
5 Medium confidence (mid scale)
9 100% {full) confidence

“"After you have made your confidence response all nine red lights will go.
out leaving a red light on at the right end of the response panel. This light is
labelled "N which stands for “Next Trial “When you pull this toggle switch you
wil! receive the next trial pair. Please pull the toggle toward you quickly and
sharply. Do not hold it down at all.”

"In order to help stabilize your viewing position during testing a padded
head rest is used. It is important for you to try nat to move your head during
testing. An experimenter will adjust your seat position for you and instruct you
how to help in this. Other minor instructions will be given to you as necessary.”

DO YOU HAVE ANY QUESTIONS?
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CONTRAST @ENSITIVITY: RELATING VISUAL AND DISPLAY
CAPABILITY TO PERFORMANCE

Arthur P. Ginsburg, Ph.D.
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Dayton, Ohio
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Dr. Arthur P. Ginsburg holds a B.S. in Systems Engineering from Widener

College, ~and M.S. in Bioengineering from the Air Force Institute of
Technology, and a Ph.D. in Biophysics from the University of Cambridge,
England. During his career in the Air Force, he founded the Aviation Vision
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is the Director of Research and Development of Vistech Consultants, Inc., of
Davton, Ohio, as well as an Adjunct Associate Professor of Psychology at
Wright State University. A correspondent-at-large and a working member on

Emerging Visual Techniques for the National Committee on Vision, Dr. Ginsburg
also serves internationally as the consultant for Visual Performance to the
Commission Internationale de E‘Clairage (CIE).

Dr. Ginsburg pioneered the application of basic vision research on a
human vision model along with relating contrast sensitivity to new
performance-based vision tests. Furthermore, he conducted the initial
research showing that individual contrast sensitivity quantifies wvisual
capability in the detection and identification of targets under both simulated
and actual conditions. His invention of a chart system able to provide fast,
accurate contrast sensitivity functions is changing the field of vision today.
Dr. Ginsburg lectures extensively both nationally and abroad, and is the
author of many articles and papers in professional journals on the subjects of
basic and applied vision.

-

Dusk is fallfng over the mountainous -terrain, the icy rain is showing no,
signs of abatement, and the Air Force pilot is doing his best ot maintain
complete control of the F-16. Between the environmental conditions and ' the
stress of straining to clearly see the data in the heads-up display, though,
this pilot 1is "becoming fatigued. While little can be done about the
surroundings, the pilot’s visual capability, the HUD system and theiy
relationship to the pilot’s safety and success merits examination. This paper
provides a review of research that uses contrast sentitivity technology to
provide new metrics of visual and display quality ([1]. ‘
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CONTRAST SENSITIVITY
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F;;ure 1: The contrast sensitivity functions of three pilots. Even thougH
pilot C has 20/20 acuity, his contrast sensitivity to larger objects at 0.5 -
3 cycles per degree is lower than pilot B having lower acuity. Studies have

shown that pilot B will detect and identify large targets better than pilot C.
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Contrast Sensitivity and Visual Performance

[y

Vision standards for pilots are based on their ability to see high
contrast black-and-white targets on an eye chart. Current vision science
provides evidence of the serious limitations of present eye charts to measure
wisual health or performance capability [2]. Just as hearing tests use tones
of different loudness and sound frequencies to test auditory cells tuned to
different tanges of sound, modern vision tests must use targets of different
conzrasts and spatial frequencies .or sizes to test visual cells tuned to
different sizes. Sine-wave gratings, mnot letters or disks, are used as test
tarzets for two major reasonms. First, any compléx target can be described by
a combination of sine-wave gratings having different amplitudes and
orientations. Secondlyv, sine-wave gratings are the most sensitive vision test

R

targets (3.3

-
[

S

The result of testing visual threshold contrast to sine-wave gratihgs is
a contrast sensizivity curve. Contrast sensitivity curves can vary between
individuals {3,6;, as shown 1in Figure 1. These kinds of differences in
contrast sensitivity between pilots have been shown to relate to target
detection range in flight simulators [7] (Figure 2) and in field trails ([8].
For example, the average difference in detection range distance in the field
trails was 1.95 miles; average detection time difference was 56 seconds.
These large differences occured even though all pilots had acuity of 20/20 or
better. Clearly, those kind of data warrant serious consideration of contrast
sensitivity as a vision scandardr[2,6]. ‘ '

SCOTOPIC CONTRAST SENSITIVITY VS, DETECTION DISTANCE

7000 . .

v
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2000 2 . . . ' r=83

/
. !
Ly;

. 20 30 40 S0 60 70 80

SCOTOPIC CONTRAST SENSITIVITY .o
Figure 2: Data showing the relationship between contrast sensitivity and
acuity to pilot detection range in a flight simulator. There is a
nonsignificant negative correlation between the visual acuity of ‘the pilots
and detection range. There is a significant positive correlation between the
peak contrast sensitivity of the pilots and detection range.
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VISION CONTRAST TEST SYSTEM

1 8 9
St
y
8 | :
i
c !
!
Y
D
3
I
\ I/ ‘I l ' 6. COPYRGHT, Ny ) COMSULTANTS nC . ‘983
\\\ / / /U J EmE
)
Figure 3; The Vision Contrast Test System (VCTS). The observer, reports the
orientation of the last striped patch for each line (spatial frequency). The

correct response is plotted for each line to create a contrast sensitivity
curve. The test takes less than one minute.
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Will new vision standards based on contrast sensitivity keep more pilots
out of the cockpit that visual acuity? The answer appears to be no. If
contrast sensitivity criterion were used on present pilots rather than acuity.
more would probably remain in the cockpit {2]. Acuity has never been shown to
relate well to visual performance. The recent studies reported here further
support earlier findings. Therefore, other than historical precedent, why
should acuity be used as the standard for determining pilot visual capability?
This is an especially important question when research shows that the peak of
zhe contrast sensitivity function  is more important for pilot wvisual
performance than are the highest spatial frequencies, which relate to 20/20
acuicy (7,81, Contrast sensitivity may provide a more rational basis for
decidinz whether to train a pilot candidate; whether to have a pilot fly a
tanker, transporter, bomber, or the higher-performance attack . or
reconraissance aircraf:z; as well as whether age or eye damage has reduced
visual capability significantly 'to affect pilot performance. Now that
rasearch has shown how visual capability can be related to pilot performance,
it is reasonable to begin a program incorporating contrast sensitivity into
the pilot selection process and creating operationally-relevant vision
standards, in order to optimize flying safety and performance. With the
creation of a new contrast sensitivicy chart, shown in Figure 3, contrast
sansitivity testing can easily, quickly, and inexpensively be accomplished by
the clinician's aide {3.10].

Contrast Sensitivity and Display Quality

Contrast sensitivity technology is not just for testing vision; it |is
also proving useful for evaluating display quality ([11]. Head-up displays
(HUDs), which allow the pilot to simultaneously see main targets and aircraft
data, are increasing in use. Although see-through visibility is a primary
desired characteristic, many conventional HUD systems have visibility
quotients of only 50 to 70%. Losses in visibility can be attributed to
several factors; among them, 1light scattering, glare, reflections, and
transmission. Unfortunately, just as in the practice of measuring acuity,
direct measurements of those factors have not exhibited a direct relationship
to pilot performance and resultant visual capability. Therefore, a more .
general approach %s needed. :

Analytical throughput is the ability to characterize applicable targeg
data in the same language used to designate system capability, visual
processes, and performance metrics such as detection range. Without
analytical  throughput, the process of specifying display metrics s
considerably limited. In spite of this, a system of performance-based metricg
may be developed utilizing linear systems analysis and the growing knowledge
about vision. h .

1-12-5




The relatively newtuarea of contrast sensitivity provides singular promise

for detection range corralation. Firsc, sine-wave gratings imaged through a
display system produce a contrast sensitivity function to which detection
range can be correlated [8]. Regions in the contrast sensitivity function

ra2laze to the spatial frequency bandwidth of pertinent target information.
Since the contrast sensitivity function may then be linked to losses in targe:
contrast ard detection rarnge, this measure is applied to the problem of HUD
opfics and their individual general qualicies.

In  summary, the present metric standards used for evaluation
unsatisfactorily test the HUD units. Even with specifications tha: meet the
rejuirements for given aspects (i.e. optical transmission), pilot complaints
of optical problens are still frequent. Consideration of only the component
of optical transmission excludes other critical factors, such as target
visibility, glare, and light scatter.

The contrast sensitivity function of the HUD can be used as an indicator

of the HUD's ability to transmit target contrast information. The observer’s
contrast sensitivity 1is measured while wviewing through the HUD. This
information determines the visual contrast sensitivitv of the HUD. Thus, the
observar functions as a contrast detector, providing baseline values for other
testing conditions. Similar to standard contrast sensitivity testing, the
contrast sensitivity function measurements are performed with a
microprocessor-controlled portable computer or photographic plates [13]. The

zain or loss of threshold contrast for the HUD is the contrast sensitivicy
¢ifference between the observation of gratings around and through the HUD.

A recent study used contrast sensitivity to test HUDs [12]. To test the
contrast sensitivity of the head-up displays under laboratory conditions, a
constant lighting environment was created. Sky conditions of a bright but

cloudy day were then simulated. Lights other than those used in the simulator
were turned-off 1in order to evaluate contrast sensi{tivity losses caused by

transmission losses of the HUD optics. Three HUD units were used in this
study: ~AFTI, Production, and LANTIRN. These three systems were then
evaluated under three contrast sensitivity conditions: baseline CS without

the HUD, €S through the center of the lower HUD, and through the center of the
ayehrow, The oeyebrow condftion was pertformed only on the AFTL and  TANTIRN
units. High and Yow luminance levels were imposed during the testing. For,
all HUDs, visor-up and visor-down results were recorded.

Comparable spatial frequency losses in contrast sensitivity were produced
during the lights-off phase. From this, it can be inferred that corresponding
losses in transmission resulted. In addition, losses for all spatial
frequencies for each of the HUDs indicated similar light scatter,, glare and

reflection casual factors during the lights-on condition. Both the AFTI and

A
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LANTIRN eyebrown measitements exhibited significant decreases 1in contrast
sensitivicy. For average viewing conditions, no important differences in
contrast sensitivity were detected. Finally, the largest high spatial
frequency losses were incurred in the visor-down state.

Further examina-ion of the relationship of contrast sensitivity to HUD
svstems required evaluation'under real-world luminance conditions. To provide
for the greatest degree of accuracy in the results, comparisons to the
laboratory data were needed. As with the previous experiments, three HUDs;
the AFTI. Production, and LANTIRN; were used. The three F-16 aircrafes
containing ‘the HUDs were parked perpendicularly to the sun’s path at zenith.
This was done to prevent "sunspots” which could affect one or more of the
HUDs, possibly resulting in unreliable data. Accordingly, the contrast
sensitivity measurements were completed between sunrise and sun-zenith.
Canopy reflections were eliminated using opaque black cloth taped to the
canopies. Uniformity of results was ensured by using the same pilots from the

laboratory experiments. Further coherence was achieved with simultaneous
measurements of the three HUD contrast sensitivity levels. Here again, the
readings were taken in these positions: baseline CS without the HUD, CS

through the center of the lower HUD, and through the center of the eyebrow for
the AFTI and LANTIRN HUDs.

The results of these tests showed greater contrast sensitivity losses for
the LANTIRM and Production HUDs where contrast sensitivity was measured in the
center of the HUDs and for average viewing conditions. The largest contrast
sensitivity losses measured in the eyebrow were from the AFTI, HUD, for the
higher spatial frequencies. Factors relevant to the losses were glare and
transmission. Losses in the eyebrow measurements at the lower spatial
significant frequencies were noted with the LANTIRN HUD, due to reflections.
The small but {important contrast sensitivity differences seen in field
conditions but not in the laboratory reflect composites of opposite
interactions of several HUD losses in the field.

Evaluation of the HUD units centers primarily on the measurement of some
of the systems elements, including limiting resolution, transmission loss, and
the number of gray shades. However, since these factors exhibit .little
relation tq real-world performance capability, a better method of appraisal is
required. Accord&ngly,‘ contrast sensitivity measurements provide for direct,
relation of target information to display capability and pilot performance.

Target contrast and detection range are dependent on changes in the
contrast sensitivity of the display and observer. The results of the ctrials
previously discussed confirm the usefulness of contrast sensitivity functions
to practical applications in heads-up displays. Although these ,tests were
limited to specific conditions, the results indicate the need for further
consideration as to visibility losses in HUD units. Moreover, since these.
decreased visibility losses in the HUDs increase the workload and detection
times for pilots, the responsibility for the safety and success of a pilot on
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a given mission depends’” in part, on the HUD. Six to eight percent was the
average detection penalty for the HUDs tested here, although the HUDs tested
were of three different types. In conclusion, the contrast sensitivity
evaluations for both pilots and HUDs have been shown to be meaningful for
safety and performance reasons.

Pt ™
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The evolution of man saw him develop over millions of years
as an aquatic, terrestrial, and even arboreal creature, but never
an aerial one. In this development he subjected himself to, and
was subjected to, meny different varieties of transient motions,
but not to the relatively sustained linear and angular acceler-
ations commonly experienced in aviation. As a result, he.
acquired sensory systems well suited for maneuvering under his
own power on the surface of the earth but poorly suited for
flying. Even the birds, whose primary mode of locomotion is
flying, are unable to maintain spatial orientation and fly
safely when deprived of vision by fog or cloud. Only bats seem’
to have developed the ability to fly without vision, and then
only by replacing vision with auditory echolocation. Considering
man's phylogenetic heritage, we should not be surprised that his
sudden entry into the aerial environment results in a mismatch
between the orientational demands of the new environment and his
‘innate ability to orient., The manifestation of this mismatch is
spatial disorientation.

ILLUSIONS IN FLIGHT
An illusion is a false percept. An o¢rientational illusion

is a false percept of one's position, attitude, or motion,
relative to the plane of the earth's surface. Thus, misper-
ceptions of displacement, velocity, or acceleration--either
linear or angular--result in orientational illusions. A great
variety of orientational illusions occur during flight: some
named, some unnamed; some understood, some not understood.
Those that are sufficiently impressive to cause pilots to report
them, whether because of their repeatability or because of their
emotional impact, have been described in the aeromedical litera-
ture, and will be discussed here. We categorize the illusions
in flight into those resulting primarily from visual misper-~
ceptions and those involving primarily vestibular errors.

Visual Illusiopns. There are two different modes of visual
processing, the focal (foveal) mode and the ambient (peripheral)
mode. Generally speaking, focal vision is concerned with object
recognition and ambient vision is concerned with_ spatial orien-
tation. ,But some visual orientation tasks in flying--e.g.,
approach to landing--require a great deal of focal vision, and,
such tasks can be made extremely difficult by illusions resulting’
from misinterpretation of focal visual cues., The ;%pxgz il--
lusions and approach illusions are illustrative of this.

.- . Figure la shows the pilot's view of the runway during anm
approach to landing, and demonstrates the linear perspective and
foreshortening of the runway that the pilot associates with a
3-degree approach slope. If the runway slopes upward 1 degree’
(a rise of only 35 m in a 2-km runway), the foreshortening of
the runway for a pilot on a 3-degree approach slope is sub-
stantially less (the height of the retinal image of the runway
is greater) than it wdd@@fge if the runway were level., This can
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give the illusion of being too high on the approach. The
pilot's natural response to such an illusion is to reshape his
image of the runway by seeking a shallower approach slope (Fig.
1b). This response, of course, could be hazardous. The opposite
situation results when the runway slopes downward. To perceive
the accustomed runway shape under this condition, the pilot must
fly a steeper approach slope than usual (fFig. 1lc). ‘

Figure 1, Effect of runway slope on pilot's image of runway
during final approach (left), and potential effect on
approach slope angle flown (right). a. Flat runway
--normal approach,. b. Upsloping runway creates
illusion of being high on apprcach--pilot flies
approach too low. c¢. Downsloping runway has opposite
effgct. '

]

A runway that is narrower than that to which a pilot is
accustomed can also create a hazardous illusion on the approach
to landing. The pilot tends to perceive the narrow runway to be
Tonger and farther away (i.e., that he is higher)  than i's
actually the case, and he may flare too late and taquch down

sooner than he expects (Fig., 2b). Likewise, a runway that is
wider than what a pilot is used to can lead him to believe he is .

closer to the runway (i.e., lower) than he really is, and he may

flare too soon and drop in from too high above the runway (Fig.

2c). Both of these~wrunway-width illusions are especially
T ,t '
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troublesome at night, when peripheral visual orientation cues
are largely absent, The very common tendency for pilots to
flare too high at night results at least partly from the fact
that the runway lights, being displaced laterally from the
actual edge of th¥ runway, make the runway seem wider, and
therefore closer, than it actually is.

Figure 2. Effect of runway width on pilot's image of runway
(left) and potential effect on approach flown (right).
a. Accustomed width--normal approach. b. Narrow
runway makes pilot feel he is higher than he actually
is, so he flies approach too low and flares too late,
c. Wide runway appears closer than it actually
is-kpilot tends to approach too high and flare too
soon, ' '

The slope and composition of the terrain under .the approach
-path can also influence the pilot's judgment of his height above
the touchdown point. If the terrain descends to the approach
end of the runway, the pilot tends to fly a steeper approach
than he would if the approach terrain were level (Fig, 3a). 1If
the approach terrain slopes up to the runway, on the other hand,

the pilot tends to fly a less steep approach than he would -
otherwise (Fig. 3b), Although estimation of height above the ,
approach terrain depeﬁas,on both focal and ambient vision, the
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contribution of focal vision is particularly clear: consider
the pilot who looks at a building below him, and seeing it to be
closer than such buildings usually are, he seeks a higher
approach slope, +By the same token, focal vision and size
constancy are responsible for poor height and distance judgments
pilots sometimes make when flying over terrain having an unfa=
miliar composition (Fig. 4). A reported example of this is the
tendency to misjudge approach height when landing in the Aleu-
tians, where the evergreen trees are much smaller than those
to which most pilots are accustomed. Such height-estimation
difficulties are by no means restricted to the approach and
landing phases of flight. One fatal mishap occurred during air
combat training over the Southwest Desert, when the pilot of a
high-performance fighter apparently misjudged his height over
the desert floor because of the small, sparse vegetation, and
was unable to arrest in time his deliberate descent to a ground-
hugging altitude,

‘Figure 3, Potential effect of slope of terrain under the
approach on approach slope flown., a. Terrain slopes
down to runway; pilot perceives himself to be too
shallow on approach and steepens it, b, Upsloping .
terrain makes pilot think he is too high, so he
corrects by making approach too shallow, ' ’

L% NS ) .
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Figure 4. Potential effect of unfamiliar comp051t10n of approach
terrain on approach slope flown. a. Normal approach
over trees of familiar size. b, Unusually small trees
under aporoach path make pilot think he is too high,
so he makes his approach lower than usual,

A well-known pair of approach-to~-landing situations that
Create illusions because of the absence of adequate focal visual
orientation cues are the gmooth-water (or glassy-water) and

snow-gcovered approaches. A seaplane pilot's perception of
height is degraded substantially when the water below is still:
for that reason he routinely just sets up a safe descent rate
and waits for the seaplane to touch down, rather than attempting
to flare to a landing, when the water is smooth. A blanket of
fresh snow on the ground also deprives the pilot of visual cues
with which to estimate his height, thus making his approach more

difficult--extremely difficult if the runway is also covered .

with snow. Again, approaches are not the only.regime in which

smooth water apd fresh snow cause problems. A number of aircraft

have crashed as a result of pilots' maneuvering over smooth water
or snow-covered ground and misjudging their height above the
water or ground.

In daytime, fog or haze can make a runway appear farther .

-away as a result of the loss of visual discrimination. At
night, runway and approach lights in fog or rain appear less
bright than they do in clear weather, and can create the illusion
that they are farther away. It has even been reported that a
pilot can have an illusion of banking to the right, for example,

if the runway lights are brighter on the right side .of the.
runway than they are on, the left. Another hazardous illusion of .

this type can occur during approach to landing in a shallow fog
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or haze, especially during a nlght approach. The vertical
visibility under sych conditions is much better than the hori-
zontal visibility, so that descent into the fog causes the more
distant approach or runway lights to diminish in intensity, at.
the same time that peripheral visual cues are suddenly occluded:
by the fog., The result is an illusion that the aircraft has
pitched up, with the concomitant danger of a nose-down corrective
action by the pilot. '

Another condition in which a pilot is apt to make a serious
misjudgment is in closing on another aircraft at high speed.
When he has numerous peripheral visual cues by which to establish
his own position and velocity relative to the earth and the
target's position and velocity relative to the earth, his
tracking and closing problem is not much different from what it
would be on the ground if he were giving chase to a moving
quarry. But when relative position and closure rate cues must
come from foveal vision alone, as is generally the case at
altitude, at night, or under other conditions of reduced visi-
bility, the tracking and closing problem is much more difficult.
An overshoot--or worse, a midair collision--can easily result
from the perceptual difficulties inherent under such circum-
stances, especially when the pilot lacks experience in the
environment devoid of peripheral visual cues,

Two runway approach conditions that create considerable
difficulty for the pilot, and which, like the closure-rate
" problems discussed above, result from tasking focal vision to
accomplish by itself what is normally accomplished with both
focal and ambient vision, are the black-hole and whiteout
approaches, A black-hole approach is one that is made on a dark
night over water or unlighted terrain to a runway beyond which
the horizon is indiscernible, the worst case being when only the
runway lights are visible (Fig. 5). Without peripheral visual
cues to help him orient himself relative to the earth, the pilot
tends to feel he is stable and situated approprlately, but that
the runway itself moves about or remains malpositioned (is
downsloplng, for example). Such illusions make the black-hole
approach ‘difficult and dangerous, and often result in a landing
far short of the runway. A particularly hazardous type of’
black-hole approach is one made under conditions wherein the
earth is totally dark except for the runway and the lights of a
city on rising terrain beyond the runway. It has been observed
that under these conditions the pilot tries to-maintain a
constant vertical visual angle for the distant city lights, thus
causing his aircraft to arc far below the bntendeq approaci
slope as he gets closer to the runway (Fig. 6). An alternative:
explanatlon is that the pilot falsely perceives through ambient- .
vision that the rising terrain is flat, and he lowers his
approach slope accordingly. '

s s

1-13-8




Figure 5.

Effect of loss of peripheral visual orientation cues
on perception of runway orientation during a black-
hole approach, Above: When peripheral visual orien-
tation cues are absent, pilot feels upright and (in

this example) perceives runway to be tilted left and
upsloping, Below: With horizon visible, pilot orients
himself correctly with peripheral vision and runway
appears horizontal in central vision,




Figure 6. A common and particularly dangerous type of black-hole
approach, in which pilot perceives distant city to be
flat and arcs below desired approach slope.

An approach made under whiteout conditions can be as
difficult as a black-hole approach, and for essentially the same
reason--lack of sufficient ambient visual orientation cues.,
There are actually two types of whiteout, the atmosphexic
whiteout and the blowing-spow whiteout. 1In the atmospheric
whiteout, a show-covered ground merges with a white overcast,
creating a condition in which ground textural cues are absent'
and the horizon is indistinguishable., Although visibility may
be unrestricted in the atmospheric whiteout, there is essentially
nothing to see except the runway or runway markers; an approach
made in this condition must therefore be accomplished with a
Close eye on the altitude and attitude instruments to prevent
spatial disorientation and inadvertent ground contactl.' In the

blowing-snow whiteout, visibility is restricted drastically by
snowflakes, and often those snowflakes have been driven into the -

air by the propeller or rotor wash of the affected aircraft.
Helicopter landings on snow-covered ground are particularly

VS o~
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likely to create blowing-snow whiteout. Typically, the heli-
copter pilot tries to maintain visual contact with the ground
during the sudden rotor-induced whiteout, gets into an unrecog-
nized drift to one.side, and shortly thereafter contacts the
ground with sufficient lateral motion to cause the craft to roll
over. Pilots flying where whiteouts can occur must be made
aware of the hazards of whiteout approaches, as the disorien~-
tation induced usually occurs unexpectedly under visual rather
than instrument meteorologic conditions, . -

One puzzling illusion that occurs when visual orientation
cues are minimal is visual agutokinesis (Flg. 7).1 A small, dim
light seen against a dark background is an ideal stimulus for
producing autokinesis., After 6 to 12 s of visually fixating the
light, one can observe it to move at anywhere between 0.2 and 20
degrees/s, in one partlcular direction or in several directions
in succession., Peripheral visual autokinesis is associated with
smooth apparent movements and large apparent displacements, while
central visual autokinesis is often saccadic or jerky, and
results in little apparent displacement of the object fixated.
In general, the larger the object and the brighter the object
the less the autokinetic effect., The shape of the object seems
to have little effect on the magnitude of the illusion, however.
Nor does providing a larger number of objects necessarily reduce
the illusory effect, as multiple objects can appear to move,
either as a unit or independently, as vigorously as one alone,
The physiologic mechanism of visual autokinesis is not under-
stood; in fact, it is not even established with certainty
whether actual eye movements are associated with autokinesis,
One suggested explanation for the autokinetic phenomenon is that
the eyes tend to drift involuntarily, perhaps because of in-
adequate or 1nappropr1ate vestibular stabilization, and checking
the drift requires efferent oculomotor activity having sensory
correlates that create the illusion.

Whatever the mechanism, the effect of visual autokinesis on
pilots. is of great importance. Anecdotes abound of pilots who
fixate a star or a stationary ground light at night, and seeing
it move because of autoklne51s, mistake it for another aircraft
and try to intercept or join up with it. Another untoward
effect of the' illusion occurs. when a pilot flying at night
perceives a relatively stable aircraft--one which he must'
intercept or follow--to be moving erratically, when in fact it
is not; the unnecessary and undesirable control inputs the pilot
makes to compensate for the illusory movement of the target
aircraft represent increased work and wasted motion at best, and
an operational hazard at worst. ' s

To help avoid or reduce the autokinetic illusion, one should:
try to maintain a well-structured visual environment in which
spatial orientation is unambiguous. Since this is rarely
possible in night flying, it has been suggested that: (1) the
gaze should be shifted-frequently to avoid prolonged fixation of
a target light; (2) the’ target should be viewed beside or
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through, and in reference to, a relatively stationary structure
such as a canopy bow; (3) one should make eye, head, and body
_movements to try to destroy the illusion; and (4) as always, one
should monitor the flight instruments to help prevent or resolve
any perceptual conflict, Equipping aircraft with more than one
light or with luminescent strips to enhance recognition at night
has protably helped reduce problems with autokinesis, It has not
abolished them, however,

Figure 7. Visual autokinesis. A small, solitary light' or small
group of lights seen in the dark can appear to move,
- when in fact they are stationary.
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So far we have discussed visual illusions created by
excessive orientation-processing demands being placed on focal
vision when adequate orientation cues are not available through
ambient vision, or by strong but false orientation cues being
received through facal vision. But ambient vision can itself be
responsible for creating orientational illusions whenever
orientation cues received in the visual periphery are misleading
or misinterpreted, Probably the most compelling of such illusions
are the yection illusions.3 Vection is the visually induced
perception of motion of the self in the spatial environment
{self-motion), and can be a sensation of linear motlon (linear
vection) or angular motion (angular vection). '

Nearly everyone who drives an automobile has experienced
one very common linear vection illusion: when a driver is
walting in his car at a stop light and a presumably stationary
bus or truck in the adjacent lane creeps forward, a compelling
illusion that his own car is creeping backward can result
(prompting a swift but surprisingly ineffectual stomp on the
brake) . Another example is that of a passenger sitting in a
stationary train when the train on the adjacent track begins to
move: he can experience the strong sensation that his own train
is moving in the opposite direction (Fig. 8a). Linear vection
is one of the factors that make close formation flying so
difficult, as the pilot can never be sure whether his own
aircraft or that of his lead or wingman is responsible for the
relative motion of his aircraft.

Angular vection occurs when peripheral visual cués convey
the information that one is rotating; and the perceived rotation
can be in pitch, roll, yaw, or any other plane. Although angular
vection illusions are not common in everyday life, they can be
generated readily in a laboratory by enclosing a stationary
subject in a rotating striped drum. Usually within 10 s after
the visuval motion begins, the subject perceives that he, rather
than the striped drum, is rotating. A pilot can experience
angular vection if the rotating anticollision light on his
aircraft is left on during flight through c¢louds or fog: the
revolving reflection provides a strong ambient visual stimulus
signalling rotation in the yaw plane. Another condition re-
sulting in angular vection is that in which a just-activated
landing 11ght otates forward under the wing or nose, casting an
upward-moving area of illumination in the surrounding fog or

cloud, possibly even creating a rising false horizon., As a

result of the illusory pitch vection generated, the pilot could
be tempted to raise the nose of the aircraft at a most in-
appropriate time, R

a - .
Fortunately, the vection illusions are not all -bad. The

most advanced flight simulators depend on linear and angulaﬁ
vection to create the illusion of flight (Fig. 8b). When the

visual flight environment is dynamically portrayed in wide-field-
of~view flight 51mu1ators, the illusion of actual flight is so
complete and compelling~ that additional mechanical motion is
rendered superfluous, :
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Figure 8, Vection illusions, a, Linear vection. In this
example, adjacent vehicle seen moving aft in subject's
peripheral vision causes him to feel he is moving
forward, b. Angular vection, Visually perceived
objects revolving around subject in flight simulator
cause him to sense self-rotation in opposite direction
--in this case a rolling motion to the right.

Another result of false ambient visual orientational cueing
is the lean-on-the-sup illusion., On the ground, we are ac-
customed to seeing the brighter visual surround above and the
darker below, regardless of the position of the sun. The
direction of this gradient in light intensity thus helps us
orient with respect to the surface of the earth. In cloud,
however, 'such a gradient usually does not exist; and when it
does, thé lighter direction is generally toward the sun and the
darker away from it, But the sun is almost never directly
overhead; as a consequence, a pilot flying in a thin cloud layer
tends to perceive falsely the direction of the sun as directly
overhead, and to align his aircraft accordingly. This misper-
ception causes him to bank in the direction of the  sun--whence
the name of the illusion. A variant of this phenomenon involves
a somewhat different mechanism: sometimes a pilot remembers the

relative bearing of the sun when he first penetrated the weather,:
and he unconsciously tries to keep the sun in the same relative .

position whenever it peeks through the cloud. On a prolonged
flight in intermittent weather, the changing position of the sun
in the sky can cause the pilot to become mildly confused and fly
his aircraft with less precision than he would in either continu-
ously visual or continuously instrument meteorologic conditions.
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Often the horizon perceived through ambient vision is not
really horizontal. Quite naturally, this misperception of the
horizontal creates hazards to flight, A sloping cloud deck, for
example, is very difficult to perceive as anything but horizontal
if it extends for any great distance in the pilot's peripheral

vision (Fig. 9). Uniformly sloping terrain can also create an

illusion of horizontality, with disastrous consequences for the
pilot thus deceived. Many aircraft have crashed as a result of
the pilot's entering a canyon with an apparently level floor
that actually rises faster than the airplane can climb; the pilot

arrives at the end of the canyon "out of altitude, airspeed, and

ideas," as they say. Sometimes a distant rain shower can
obscure the real horizon and create the impression of a horizon
at the proximal edge (base) of the rainfall. If the shower is
seen just beycnd the runway during an approach to landing, the
pilot can misjudge the pitch attitude of his aircraft and make
inappropriate pitch corrections on the approach. ' .

Figure 9. A sloping cloud deck, which the pilot misperceives as
a horizontal.surface,
: R ,’
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Pilots are especially susceptible to misperception of the
horizontal while flying at night (Fig. 10). 1Isolated ground
lights can appear. to the pilot to be stars, causing him to think
he is in a nose~high or one-wing-low attitude., Correcting for
such a false impression can, of course, be fatal, Frequently no
stars are visible because of an overcast. Unlighted areas of
terrain c¢an then blend with the dark overcast to create the
illusion that the unlighted terrain is part of the sky. One
extremely hazardous situation is that in which a takeoff is made
over an ocean or other large body of water that cannot be:
distinguished visually from the night sky. Many pilots in this
situation have perceived the shoreline receding beneath them to
be the horizon and some have reacted to this false percept with
disastrous consequences,

Pilots flying at very high altitudes can sometimes experi-
ence difficulties with control of aircraft attitude, because at
high altitudes the horizon is lower with respect to the plane of
level flight than it is at the lower altitudes where most pilots
usually fly. As a reasonable approximation, the angle of
depression of the horizon in degrees equals the square root of
the altitude in kilometers. A pilot flying at an altitude of 15
km thus sees the horizon almost 4 degrees below the extension of
his horizontal plane. If he visually orients to the view from
his left cockpit window, he might be inclined to fly with the
left wing 4 degrees down to level it with the horizon, If he
does this, and then looks out his.right window, he would see the
right wing 8 degrees above the horizon, with half of that
elevation due to his own erroneous control input. He might also
experience problems with pitch control, as the depressed horizon
can cause him to perceive falsely a 4-degree nose-high pitch
attitude.

Finally, the disorienting effects of the northern lights
and of aerial flares should be mentioned. Aerial refueling at
night in high northern latitudes is often made quite difficult
by the northern lights, which provide false cues of verticality
to the pilot's peripheral vision. 1In addition, the movement of
the auroral display may make the pilot susceptible to vection
illusions. Sihilarly, when aerial flares are dropped, they may.

. - ‘e

Figure 10. Misperception of the horizontal at night! ' Above:

Ground lights appearing to be stars cause earth and-

sky to blend and a false horizon to be perceived, -
Below: Blending of overcast sky with unlighted terrain
or water causes horizon to appear lower than is
actually the~qase.

cre g
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descend vertically--or they may drift with the wind, creating
false cues of verticality. Their motion may also create vection
illusions, An important additional factor is that the aurora and
aerial flares can be so bright as to reduce the apparent intensi-
ty, and therefore*-the orientational cueing strength, of the
aircraft instrument displays.

Vestibular Illusions. The vestibulocerebellar axis processes
orientation information from the vestibular end-organs, the
nonvestibular proprioceptors, and the perivheral visual fields.
In the absence of adeguate ambient visual orientation cues, the
inadeguacies of the vestibular and other orienting senses can,
and generally do, result in orientational illusions. It is

convenient and conventional to discuss the vestibular illusions .

in relation to the two labyrinthine components that generate
them--the semicircular ducts and the otolith organs.

The gomatoaqgvral illusiopn results from the inability of the

semicircular ducts to register accurately a prolonged rotation,
i.e., sustained angular velocity., Wwhen a person is subjected to
an angular acceleration about the yaw axis, for example, the
angular motion is at first perceived accurately, because the
dynamics of the cupula-endolymph system cause it to respond as an
integrating angular accelerometer (i.e., as a rotation rate
sensor) at stimulus frequencies in the physiologic range (Fig.
11), If the acceleration is followed immediately by a deceler-
ation, as usually happens in the terrestrial environment, the
total sensation of turning one way and then stopping the turn is
quite accurate (Fig, 12). But if the angular acceleration is not
followed by a deceleration, and a <constant angular velocity
results instead, the sensation of rotation becomes less and less
‘and eventually disappears as the cupula gradually returns to its
resting position in the absence of an angular acceleratory
stimulus (Figs. 12, 13). If the rotating subject is subsequently
subjected to an angular deceleration after a period of prolonged
constant angular velocity--say, after 10 s or more of constant-
rate turning--his cupula-endolymph system then signals a turn in
the direction opposite that of the prolonged constant angular

velocity, even though he is really only turning less rapidly in .
the same direction. This sensory response occurs because the

angular .momentum of the rotating endolymph causes it to press
against the cupula, forcing the cupula to deviate in the di-
rection of endolymph flow, which is the same direction the cupula
would deviate if the subject were to accelerate in the direction
opposite his initial acceleration. Even after rotation actually

ceases, the sensation of rotation in the direction opposite that .

of the sustained angular velocity persists for several seconds--
half a minute or longer with a large decelerating ,rotational
impulse, Technically speaking, a somatogyral illusidén is the
sensation of turning in the opposite direction that occurs

whenever one undergoes angular deceleration from a condition of -
constant angular velocity. It is practical, however, to include .
in this category of illusions the sensation of turning more

slowly and eventualiy cea51ng to turn while angular velocity
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persiastg, becanse the two {llusions have a common underlyling
mechanism and they inevitably occur in pairs. An even broader
definition of somatogyral illusion is "any discrepancy between
actual and perceived rate of self-rotation that results from an
abnormal angular acceleratory stimulus pattern,” The term
"abnormal® in this case implies the application of low-frequency
stimuli, outside the useful portion of the transfer character-
istics of the semicircular duct system,
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Figure 1l1. Transfer characteristics of the semicircular duct
.+ system as a function of sinusoidal stimulus frequency.

Gain is the ratio of the magnitude of peak perceived

angular velocity to peak delivered angular velocity;

phase angle is a measure of the amount of ‘advance or

delay between peak perceived and peak delivered

angular velocity. Note that in the .physiologic -

- - frequency range (roughly 0.05 to 1 Hz), perception ie
accurate; i.e., gain is close to unity (0 d4B) and
phase shift is minimal. At lower stimulus frequens

cies, however, the gain drops off rapidly and the

phase shift approaches 90 degrees, which means that

angular velocity becomes difficult to detect and that -

angular acceleration is perceived as velocity.
(Adapted from Pgters,)
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Figure 12, Effect of stimulus pattern on perception of angular
velocity., On the left, the high-frequency character
of the applied angular acceleration results in a
cupular deviation that is nearly proportional, and
., -perceived angular velocity that is nearly identical,
- * to the angular velocity developed. On the right, the
peak angular velocity developed is the same as that:
on the left, but the low-frequency character of the
applied acceleration results in cupular deviation and
perceived- angular velocity that appear more like the
applied acceleration than the resulting velocity.
- - This causes one to perceive: (a) less than the full®
amount of the angular velocity, (b) that He is not~
turning when he actually is, (c) a turn in the -
opposite direction from that of the actual turn, (d)
that turning persists after it has actually stopped.
These false perceptions are somatogyral illusions.

Y esvoar ,'.
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Figure 13, Pictorial representation of mechanical events oc-
curring in a semicircular duct and resulting action
potentials in associated ampullary nerve during
somatogyral illusions. Angular acceleration pattern
applied is shown in right side of Figure 12,

In flight under conditions of reduced visibility (night or
instrument weather), somatogyral illusions can be deadly. The
graveyard spin is the classic example of how somatogyral il-
lusions can disorient a pilot, with fatal results., This situ-
ation Dbegins with the pilot intentionally or unintentionally
entering a spin, let's say to the left (Fig. 14). At first the
pilot perceives the spin correctly, as the angular acceleration

associated with entering the spin deviates the appropriate-

cupulae the appropriate amount in the appropriate direction.
The longer the spin persists, however, the more the sensation of
spinning to the left diminishes as the cupulae return to their
resting positions., If the pilot tries to stop the spin to the
left by applying right rudder, the angular deceleration causes
him to perceive a 'spin to the right, even though the only real

result of his action is termination of the spin to.the left., A

"pllot who is ignorant of the possibility of%such an illusion s
then likely to make counterproductive left rudders inputs to
negate the unwanted erroneous sensation of spinning to' the right.

These inputs keep the airplane spinning to the left, which gives

the pilot the desired sensation of not spinning but does not

bring the airplane under control, To extricate himself from:

this very hazardous.sitpation the pilot must read the aircraft

L. ,"
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flight instruments and apply control inputs to make the instru-
ments give the desired readings (push right rudder to center the
turn needle, in this example). Unfortunately, this may not be so
easy to do, The ,angular accelerations created by both the
multiple-turn spin and the pilot's spin-recovery attempts can
elicit strong but inappropriate vestibulo-ocular reflexes,
including nystagmus. In the usual terrestrial environment these
reflexes help stabilize the retinal image of the visual surround;
but in this situation they only destabilize it, because the
visual surcround (cockpit) is already fixed with respect to the
tilot., Reading the flight instruments thus becomes difficult or
impossible in this situaticn, and the pilot is left with only his
fals=s sensations of %otation to rely on for spatial orientation
and aircraft control.

Whil=2 the lore of early aviation provided the graveyard
spin as an illustration of the hazardous nature of somatogyral
illusions, a much more common example occurring all too often in
present-day aviation is tne gravevard spiral (Fig. 15). 1In this
situation the pilot has intentionally or unintentionally gotten
himself into a prolonged turn with a moderate amount of bank,
After a number of seconds in the turn the pilot loses the
sensation of turning because his cupula-endolymph system cannot
respond to constant angular velocity. The percept of being in
a bank as a result of the initial roll into the banked attitude
also decays with time, because the net gravitoinertial force
vector points toward the floor of the aircraft during coordinated
flight (whether the aircraft is in a banked turn or flying
straight and level) and the otolith organs and other graviceptors
normally signal that down is in the direction of the net sus-
tained gravitoinertial force. As a result, when the pilot tries
to stop the turn by rolling back to a wings-level attitude, he
not only feels he is turning in the direction opposite that of
his original turn, but he also feels he is banked in the di-
rection opposite that of his original bank, Unwilling to
accept this sensation of making the wrong control input, the
hapless pilot rolls back into his original banked turn. Now his
sensation is compatible with his desired mode of flight, but his
instruments say he is losing altitude (because the banked turn
is wasting 1ift) and still turning. So he pulls back on the
stick and perhaps adds power to arrest the unwanted descent and
regain the lost altitude. This action would be successful if
the aircraft were flying wings-level, but with the aircraft in a
banked attitude it tightens the turn, serving only to make
matters worse, Unless the pilot eventually recognizes his error

- " -~

Figure 14, The graveyard spin, After several turns 'of a spiﬂ

the pilot begins to lose the sensation of spinning.-
Then when he tries to stop the spin, the resulting

somatogyral illusion of spinning in the opposite
direction makes him reenter the original spin. (Solid
line indicates actual motion; dotted line indicates
perceived motior,)
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and rolls out of his unperceived banked turn, he will continue
to descend in an ever-tightening spiral toward the ground--whence
the name, graveyard,spiral.

Whereas a somatogyral illusion is a false sensation, or
lack of sensation, of self-rotation in a subject undergoing
unusual angular motion, an goc¢ulogvral illusiop is a false
sensation of moticn of an object viewed by such a subject, 6 For
example: 1if a vehicle with a subject inside is rotating about a
vertical axis at a constant velocity and suddenly stops rotating,
the subject experiences not only a somatogyral illusion of
himself rotating in the opposite direction, but also an ocu-
logyral illusion of an object in front of him moving in the
opposite direction. Thus, a somewhat oversimplified definition
of the oculogyral illusion is that it is the wvisual <correlate
of tne somatogyral illusion; but its very low threshold and its
lack of total correspondence with presumed cupular deviation
suggest a more complex mechanism, The attempt to maintain
visual fixation during a vestibulo-ocular reflex elicited by
angular acceleration is probably at least partially responsible

for the oculogyral illusion. (A similar mechanism underlies the
illusory movement of the moon when one tries to fixate it
visually while the relative movement of surrounding clouds is

eliciting an optokinetic trac<1ng reflex.) In an aircraft
during flight at night or in weather an oculogyral "illusion
generally confirms a somatogyral illusion: the pilot who

falsely perceives that he is turning in a particular direction
also observes his instrument panel to be moving in the same
direction.,

The vestibular Coriolis effect, Coriolis cross-coupling
effect, vestibular cross-coupling effect, or simply the Coriolis
illusion, is another false percept that can result from unusual
stimulation of the semicircular duct system., To illustrate this
phenomenon, let us consider a subject who has been rotating in
the plane of his horizontal semicircular ducts (roughly the yaw
plane) long enough for the endolymph in those ducts to attain
the same angular velocity as his head: the cupulae in the
ampullae  of hls horizontal ducts have returned to their resting
p031t10ns, and’' the sensation of rotation has ceased (Fig, 1l6a).
If the subject then nods his head forward in the pitch plane/
let's say a full 90 degrees for the sake of simplicity, he is

Figure 15. The graveyard spiral, The pilot in a banked turn
loses the sensation of being banked and turning. Upon
trying to reestablish a wings-level attitude and stop-
the turn, he perceives that he is banked and turning .
in the opposite direction from his original banked
turn; i.e., he experiences a somatogyral illusion,
Unable to tolesate the sensation that he is making an
inappropriate -control input, the pilot banks back into
the original turn,

1-13-24




'L')
J



completely removing his horizontal semicircular ducts from the
plane of rotation and inserting his two sets of vertical semi-
circular ducts into the plane of rotation (Fig. 16b), While the
angular momentum of the subject's rotating head is forcibly
transferred at once out of the old plane of rotation relative to-
his head, the angular momentum of the endolymph in the horizontal
duct is dissipated more gradually. The torque resulting from
the continuing rotation of the endolymph causes the cupulae in
the horizontal ducts to be deviated, and a sensation of angular
metion occurs in the new plane of the horizontal ducts--now the
roll plane relative to the subject's body. Simultaneously, the
endolymph in the two sets of vertical semicircular ducts must
acquire angular momentum, as these ducts have been brought into
the plane of constant rotation, The torque required to impart
this change in momentum causes deflection of the cupulae in the
ampullae of these ducts, and a sensation of angular motion in
this plane--the yaw plane relative to the subject's body--is the
result, The combined effect of the cupular deflection in all
three sets of semicircular ducts is that of a suddenly imposed
angular velocity in a plane in which no actual angular acceler-
ation relative to the subject has occurred. In the example
given, if the original constant-velocity yaw.is to the right and
the subject pitches his head forward, the resulting Coriolis
illusion experienced is that he and his immediate surroundings
are suddenly rolling to the right and yawing to the right,

A particular perceptual phenomenon experienced occasionally
by pilots of relatively high-performance aircraft during instru-

ment flight has been attributed to the Coriolis illusion because
it occurs in conjunction with large movements of the head under
conditions of prolonged constant angular velocity. It consists
of a very convincing sensation of rolling and/or pitching that
appears suddenly after the pilot diverts his attention from the
instruments in front of him and moves his head to view some
switches or displays elsewhere in the cockpit.  This illusion is
especially deadly because it is most likely to occur during an
instrument approach, a phase of flight in which altitude is
being lost rapidly and cockpit chores (e.g., radio frequency -
changes) ‘repeatedly require the pilot to break up his instrument
cross-check, Whether the sustained angular velocities associated
with instrument flying are sufficient to create Corioljis il=
lusions of any great magnitude is debatable, however’; and
another mechanism (the G-excess effect) has been proposed to
explain the illusory rotations experienced with head movements
in flight, Even if not responsible for spatial disorientation -
in flight, the Coriolis illusion is useful as a tool to demon-
strate the fallibility of our nonvisual orientati¢n senses’
Nearly every military pilot living today has experienced the
Coriolis illusion in the Barany chair or some other rotating .
device as part of his physiological training; and for most of
them it was then that they first realized their own orientation -
senses really cannot—~Be- trusted--the most important lesson of :
all for instrument flying.*
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Figure 16. Mechanism of the Coriolis illusion. Subject rotating
S in yaw plane long enough for endolymph to stabilize in
semicircular duct (a), pitches head forward (b).
Angular momentum of endolymph deviates cupula, causing
subject to perceive rotation in new plane of semi-
circular duct, even though no actual rotation occurred

in that plane. :

The otolith organs are responsible for a set of illusions
known as geomatogravic illusions. The mechanism of illusions of
this type involves the displacement of otolithic membranes on
their maculae by inertial forces in such a way as to signal a
false orientation when the resultant gravitoinertial force is
perceived as gravitational (and ‘therefore vertical). The paragon
of somatogravic illusions, the illusion of pitching up after
taking off into conditions of reduced visibility, is perhaps the
best illustration of this mechanism, Consider the pilot of a
high-performance aircraft holding his position at the end of the"
runway waiting to take off. Here the only force acting on his
otolithic membranes is the force of gravity, and the positions of
those membranes on their maculae signal accurately that down is:
toward the floor of the aircraft. Suppose the aircraft now
accelerates down the runway, rotates, takes off, cleans up gear ;

and flaps, and maintains a forward acceleration of 1 G until . |

reaching desired climb speed, The 1 G of inertial force result-
ing from the forward acceleration displaces the otolithic
membranes toward the back of the pilot's head. In fact, the new
positions of the otolithic ;membranes are nearly the same as they
would be if the aircraft and pilot had pitched up 45 degrees,
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Figure 17, A somatogravic illusion occurring on takeoff., The

inertial force resulting from the forward acceleration

combines with the force of gravity to create a
‘resultant gravitoinertial force directed down and aft,
The pilot, perceiving down to be in the direction of
the resultant gravitoinertial force, feels he is in an
excessively nose~high attitude, and is tempted to push
the stick forward to correct the illusory nose-high
attitude, ' :

since the new,direction of the resultant gravitoinertial force

vector (if we neglect the angle of attack- and climb angle) is.
45 degrees aft relative to the gravitational vertical (Fig. 17).
Naturally, the pilot's percept of pitch attitude based on the’
information from his otolith organs is one of having pitched up
45 degrees; and the information from his nonvestibular pro-
prioceptive and cutaneous mechanoreceptive senses supports thi$

false percept, as the sense organs subserving those modalities
also respond to the direction and intensity of the resultant:
gavitoinertial force. Given the very strong sensation of a-
nose-high pitch attitude, one that is not challenged effectively
by the focal visual orientation cues provided by the attitude
indicator, the pilot is.tempted to push the nose of the aircraft
down to cancel the unwanted,sensation of flying nose-high. Pilots
succumbing to this temptation characteristically crash in a
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nose-low attitude a few miles beyond the end of the runway.
Sometimes, however, they are seen to descend out of the overcast
nose-low and to try belatedly to pull up, as though they suddenly
regained the correct orientation upon seeing the ground again,

Pilots of carrier-launched aircraft need to be especially wary of

the somatogravic illusion. These pilots experience pulse
accelerations lasting 2 to 4 s and generating peak inertial
forces of +3 to +5 G,. Although the major acceleration is over
rather quickly, the resulting illusion of nose-high pitch can
persist for nhalf a minute or more afterwards, resulting in a
carticularly hazardous situation for the pilot who is unaware of
this pnenomenon,

Pilots of high-performance aircraft are not the only ones
to suffer the somatogravic illusion of pitching up after taxeoff.
More than a dozen air transport aircraft are believed to hava
crashed as a result of pilots' experiencing the somatogravic
illusicn on takeoff, A relatively slow aircraft, accelerating
from 100 to 130 knots over a 1C-s period just after takeoff,
generates +0.16 G, cn the pilot. Although the resultant gravi-
toinertial force is only 1,01 G, barely perceptibly more than
the force of gravity, it is directed 9 degrees aft, signifying
to the unwiary pilot a 9~dsgree nose-up plitch attitude, As many
slower aircraft climb out at 6 degrees or less, a 9-degree down-
ward pitch correction would put such an aircraft into a descent
of 3 degrees or more--the same as a normal final-approach slope.
In the absence of a distinct external visual horizon--even worse,
in the presence of a false visual horizon (e.g., a shoreline)
receding under the aircraft and reinforcing the vestibular
illusion--~the pilot's temptation to push the nose down can be
overwhelming. This type of mishap has happened at one particular
civil airport so often that a notice has been placed on navi-
gational charts cautioning pilots flying from this airport to be
aware of the potential for loss of attitude reference.

Although the classic graveyard spiral was earlier indicated
to be a consequence of the pilot's suffering a somatogyral
illusion, it can also be considered to result from a somatogravic
illusion. A pilot who is flying "by the seat of his pants”
applies .the necessary control inputs to create a resultant
G-force vector having the same magnitude and direction as that
which his desired flight path would create. Unfortunately, any
particular G vector is not unique to one particular condition of

aircraft attitude and motion; and the likelihood that the G
vector created by a pilot flying without reference to instruments
is-that of the flight condition desired is remote indeed, Speciw
fically, once an aircraft has departed a desired wings-level

~attitude because of an unperceived roll, and the pilot does not.
correct the resulting bank, the only way he can create a G vector,

which matches that of the straight and level condition is with a
descending spiral. 1In this condition, as is always the case in a
coordinated turn, the. gcentrifugal force resulting from the turn
provides a G,, force which ,cancels the Gy component of the force
of gravity tiat exists when the aircraftyis banked, In addition,
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the tangential linear acceleration associated with the increasing

airspeed resulting from the dive provides a +G, force which

cancels the -G, component of the gravity vector that exists when

the nose of tﬁe aircraft is pointed downward. Although the

vector analysis of the forces involved in the graveyard spiral is

somewhat complicated, a pilot can easily and automatically

manipulate the stick and rudder pedals to cancel all vestibular .
and other nonvisual sensory indications that his aircraft is

turning and diving. In one mishap involving a dark-night takeoff

of a commercial airliner, the recorded flight data indicated that
the resultant G force which the pilot created by his control

inputs allowed him to perceive his desired 10- to 12-degree climb -
angle, and a net G force between 0.9 and 1.1 G, for virtually the

whole flight--even though he actually levelled off and then

descended in an accelerating spiral until the aircraft crashed

nearly inverted (Fig. 18).
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Figure 18, Flight recorder data from a wide-body jetliner that .
crashed less than two minutes after taking off over
the ocean on a dark night. Although the net gravito-

- inertial force was essentially 1.0 G directed 10 to 12,
degrees aft of the aircraft vertical through nearly.
the whole flight, the aircraft actually leveled off
and eventually entered a spiral dive into the water.
The fact that the desired flight profile (a straight
climb) would have yielded the same gravitoinertial
force environment as was actually generated is strong
evidence théthHg.pilot was spatially disoriented.

1-13-30




The jipnversion illusiop is a type of somatogravic illusion
in which the resultant gravitoinertial force vector rotates so
far backward as to be pointing away from, rather than toward, the
earth's surface, thd3 giving the subject of this phenomenon the

false sensation that he is upside down. Figure 19 shows how this.

can happen. Typically, a steeply climbing high-performance .
aircraft levels off more or less abruptly at the desired alti-
tude. This maneuver subjects the aircraft and pilot to a -G,
centrifugal force resulting from the arc flown just prior to-
level-off., Simultaneously, as the &ircraft changes to a mcre
level attitude, airspeed picks up rapidly, adding a +G, tan-
gential inertial force to the overall force environment, idding
the -G, centrifugal force and the +G, tangential force to the 1-G
gravitational force results in a net gravitoinertial force vector
that rotates backward and upward relative to the pilot. This
stimulates his otolith organs in a manner similar to the way a
pitch upward into an inverted position would. Even though the
semicircular ducts should respond to the actual pitch downward,
for some reason this conflict is resolved in favor of the
otolith-organ information--perhaps because the semicircular
duct response is transient while the otolith-organ response
persists, or perhaps because the information from the nonvesti-
bular proprioceptors and other mechanoreceptors reinforces that
from the otolith organs., The piloct who responds to the inversion
illusion by pushing forward on the stick to counter the per-
ceived pitching up and over backward only prolongs the illusion
by creatiny more -G, and +G, forces, thus aggravating his
situation. Turbulent weather usually contributes to the develop-
ment of the illusion; certainly, downdrafts are a source of -G,
forces that can add to the net gravitoinertial force producing
the inversion illusion., Again, one does not have to be flying a
jet fignter to experience this illusion. A number of reports of
the inversion illusion describe the loss of control of air
transport aircraft that occurred when the pilot lowered the nose
inappropriately after experiencing the illusion, Jet upsef is
the term for the sequence of events that includes instrument
weather, turbulence, inability of the pilot to read his instru-
ments, the inversion illusion, a pitch-down control input, and
difficulty recovering the %&rcraft because of resulting aero-
dynamic or mechanical forces.

The G-excess illusion can also be considered a form of
somatogravic illusion, because it involves an abnormal magnitude
gnd/or direction of applied gravitoinertial force that results
in false perception of body position, and the perceptual response
cin” be determined at lease qualitatively by a simple mechanical’
analysis (Fig., 20). Let us assume a subject is sitting upright’

in a +1-G, environmgnt, and he tips his head forward 30 degrees., °
As a result of this change in head position, his otolithic ' -

membranes slide forward the appropriate amount for a 30-degree
tilt relative to vertical--say, a distance of X um. Now suppose
the_samg subject is sittinmg upright in a +2-G environment, and
again tips his head 30 degrees forward. This iime his otolithic
membranes slide forward more than X pm because of the doubled
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gravitoinertial force acting on them, But the displacement of

the otolithic membranes now corresponds not to a 30-degree -
forward tilt in the normal .1-G environment, but to a much
greater one, theoretically as much as 90 degrees (2 sin 30 deg =
sin 90 deg). The'’subject had initiated only a 30-degree head
tilt, however, and expects to perceive no more than that. The
unexpected additional perceived tilt is thus referred to the
immediate environment; i.e., he perceives his vehicle, if he is
in one, to have tilted by the amount equal to the difference
between his actual and expected percepts of tilt. 1In a high-
performance aircraft the G-excess illusion can occur as-a result’
of the moderate amount .of G force pulled in a turn--a penetration
turn or procedure turn, for example, If the pilot has to look
down and to the side to select a new radio freguency or to pick
up a dropped pencil while in a turn, he should experience an
uncommanded tilt in both the pitch and roll planes due to the
G-excess illusion. As noted previously, the G-excess illusion
may be responsible for the false sensation of pitch and/or roll

generallg attributed to the Coriolis illusion under such circum-
stances,t2 '

Figure 19, The inversion illusion. Centrifugal and tangential
. inertial forces during a level-off combind with the
force of gravity to produce a resultant gravito-:
inertial force that rotates backward and upward with -
respect to the pilot, causing him to perceive that he
is suddenly upside down, Turbulent weather ~can
~produce additional " inertial forces that contri%ute to
the illusion, "(Xdapted from Martin and Jones.) ,

1
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Figure 20, Mechanism of the G-excess illusion. Subject in 1-G

environment (upper figures) experiences the result of
a 0.5-G pull on his utricular otolithic membranes when
he tilts his head 30 degrees off the vertical, and-"
that of a 1-G pull when he tilts it a full 90.:degrees, *
Subject in 2-G environment (lower figures) experiences
the result of a 1-G pull when he tilts his head only
30 degrees. The illusory excess tilt perceived by the
subject is attributed to external forces (lower
right), - _

e gt
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Another illusion of otolith-organ origin, but not classified
as a somatogravic illusion because it involves a visual perceptu-
al effect, is the gculeogravic illusion. The oculogravic illusion
can be thought ofsas a visual correlate of the somatogravic
illusion, and occurs under the same stimulus conditions.'” A
pilot who is subjected to the deceleration resulting from
application of speed brakes, for example, experiences a nose-down
pitch because of the somatogravic illusion., Simultaneously, he
observes the instrument panel in front of him to move dcwnward,.
confirming his sensation of tilting forward, The oculogravic
illusion 1s thus the visually apparent movement of an object
waich 13 actually in a fixed position relative to the subject
during changing magnitude and/or direction of the net gravi-
toinertial force, Like the oculogyral illusion, the oculogravic
illusion probably results from the attempt to maintain visual
fixation during a vestibulo-ocular r=2flex, elicited in this case
by the change in maygnitude or direction of the applied G vector
rather than by angular acceleraticn,

The elevator illusiQopn is a special type of oculogravic
illusion that results from an increase or decrease in the
magnitude of the +G, force acting on a subject. When one is
accelerated upward, a= in an elevator, the increase in +Gz force
elicits a vestibulo-ocular reflex of otolith-organ origin (the
elevator reflex) that drives the eyes downward. Attempting to
stabilize visually the objects in a fixed position relative to
the observer causes those objects to appear to shift upward when
the G force is increased. The opposite effect occurs when one
is accelerated downward: the reduction in the magnitude of the
net gravitoinertial force to less than +1 G, causes a reflex
upward shift of the direction of gaze, and tﬁe immediate sur-
roundings appear to shift downward. (The latter effect has also
been called the ogculoagravic jillusiopn because of its occurrence
during transient weightlessness.) The importance of the elevator
illusion in aviation is not well documented, In one tragic
mishap, however, it was probably experienced by the pilot of a
military transport aircraft who became disoriented shortly after
leveling off abruptly from a prolonged steady descent on a dark
night over desert terrain., The transient increase in +G, force
that occurred as the pilot leveled off at the landing pattern
altitude most ilkely provoked the elevator illusion, and seeing
his instrument panel rise, he compensated by pitching downward
during the subsequent fatal turn to final approach. We can also
assume that updrafts and downdrafts produce elevator illusions
in pilots penetrating turbulent weather (Fig., 21).

By far the most common vestibular illusion in flight is the
leans. Vlrtually every instrument-rated pilot has hadd it, or
will get it, in one form or another at some time in his flylng
career, It consists of a false percept of angular dlsplacement'
about the roll axis, i.e., is an illusion of bank, and is .
frequently associated with an attempt by the pilot to compensate.
for the illusion by 1eaq1ng in the direction of the falsely
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Figure 21, Elevator illusion resulting from an updraft., 1In this
type of oculogravic illusion, the increase in +G,
force elicits a vestibulo-ocular reflex of otolith-
organ origin which, when visual fixation is attempted,
results in a falsely perceived upward motion of the
object fixated--the instrument panel in the example
shown,

4

perceived vertical (Fig. 22). The usual explanations of the
leans invoke the known deficiencies of both otolith-organ and
semicircular-duct sensory mechanisms. As indicated previously,
the otolith organs are not reliable sources of information about
the direction of the true vertical because they respond to the
resultant gravitoinertial force, not to gravity alone., Further-
more, other sensory inputs can sometimes override otolith-organ
ctues and result in false perception of the vertical, even wher
the gravitoinertial force experienced is truly vertical. The
semicircular ducts can provide such false inputs in®'flight by

responding accurately to some roll stimuli but not responding to

others because they are below threshold. 1If, for example, a
pilot is subjected to an angular acceleration in roll so that
the product of the acceleration and its time of application does
not reach some threshold ,value--say, 3 degrees/s--then he does
not perceive the roll. Let us suppose this pilot, who is trying
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to fly straight and level, is subiected to an unrecognized and
uncorrected 2-degree/s roll for 10 s: a 20-degree bank results.
If the pilot suddenly notices the unwanted bank and corrects it
by rolling the aircraft back upright with a suprathreshold roll
rate--say, 15 degrees/s--he experiences only half of the actual
roll motion that took place, the half resulting from the
correcting roll. As he started perceptually from a wings-level
position, he is left witn the illusion of having rolled into a
20-degree bank in the direction of the correcting roll, even
though he is again wings-level, At this point he has the leans;
and although he may be able to fly the aircraft properly by the
very deliberate and difficult process of forcing the attitude
indicator to read correctly, his illusion can last for many .
minutes, seriously degrading his flying efficiency during that
time,

Interestingly, pilots frequently get the leans after
prolonged turning maneuvers, and not because of alternating
subtnresnold and suprathreshold angular moticn stimuli. In a
holding pattern, for example, the pilot rolls into a 3-degree/s
standard-rate turn, holds the turn for 1 min, rolls out and
flies straight and level for 1 min, turns again for 1 min, and
so on until traffic conditions permit him to proceed toward his
destination, During the turning segments the pilot initially
"feels the roll into the turn and accurately perceives the banked
attitude, But as the turn continues, his percept of being in a
banked turn dissipates and is replaced by a feeling of flying
straight and level, both because the sensation of turning is lost
when the endolymph comes up to speed in the semicircular ducts
(somatogyral illusion) and because the net G force being directed
toward the floor of the aircraft provides a false cue of verti-
cality (somatogravic illusion). When the pilot then rolls out of
the turn, he feels he has rolled into a banked turn in the
opposite direction., With experience, a pilot learns to suppress
this false sensation quickly by paying strict attention to the
attitude indicator. Sometimes, however, the pilot finds he
cannot dispel the illusion of banking--usually when he is
particularly busy, unfortunately., The leans can also be caused .
by misleading peripheral visual orientation cues,.as mentioned in
the discussion, of the visual illusions. Roll angular vection is
particularly effective in this regard, at least in the labo-
ratory. One thing about the leans is obvious: there is no
single explanation for it., The deficiencies of several orien-
tation-sensing systems in some cases reinforce each other to
create an illusion; in other cases the inaccurate information
£rom one sensory modality for some reason is selected over the
accurate information from others to create the illusion, Stories
have surfaced of pilots suddenly exper1enc1ng the leans for no
apparent reason at all, or even of experiencing it voluntarily by
imagining the earth to be in a different direction from the
aircraft. The point is that one must not think that the leans,
or any other illusion for that matter, occurs as a totally .
predictable response to.g3: phy51cal stimulus: there is much more
to perception than stimulation of the end-organs, .
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Figure 22. The leans, the most common of all vestibular illus}ons
in flight. Falsely perceiving himself to be in a
right bank, but flying the aircraft straight and levgl
by means of the flight instruments, this pilot is
leaning to the left in an attempt to assume an upright
posture compatible with his illusion of bank.,

Disor] tion in Flidl

. We have already defined an orientational
illusion to be a false percept of position, attitude, or motion,
relative to the plane of the earth's surface. Spatial disorjen-
tation and the equivalent term, pilot vertigo, are usually taken
to mean the experiencing of an orientational illusion in flight,
There is a major qualitative difference, however, between simply
experiencing an orientational illusion and having to control an
aircraft under conditions of misperceived or conflicting orien-
tation cues., Furthermore, this difference becomes very important
in the analysis of mechanisms involved in aircraft mishaps due to.
orientational illusions, and in the development of training aids,
for educating pilots about the potential for loss of \aircraft
control while under the influence of orientational illusions.
For those reasons, we find it necessary to restrict the use of
the term gpatial disorientation to the condition wherein one not
only has an orientational illusion but also needs to have
correct perception of oxientation for controlling his position,
attitude, or motion. When one has an orientational illusion but
has no need for correct information about his orientation, we say
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he has spatial uporieptatiop. This distinction is exemplified by

the contrast between the experience of a pilot, who must fly his
vehicle on a desired path through space by responding to availa-
ble orientation cues (and to whom such cues are, therefore,
highly relevant), &nd the experience of an airborne communi-

cations monitor, who can perform his duty without regard to his
spatial orientation (and to whom orientation cues~-whether true.
or false--are essentially irrelevant). Obviously, it is spatial,

disorientation, not spatial unorientation, that causes aircraft

mishaps and warrants investijative and educational efforts to.

srevent it

. Tuypes. It is also useful to make the distincticn betw=2en

recognized (also called Type I) and pec¢ogpnized (Type 1I)
gatial disori2ntation, As tne term implies, unrecognized
spatial disorientation refers to the situation in which a
>ilot, oblivious to the fact that he is disoriented, controls his
vehicle completely in accord with and in response to his false
orientational  percept, In re;o;nlzed spatial disorientation the
pilot realizes something is wrong with his ability to fly the
Jehlble, but he may or may not actually realize that the source
of his problem is spatial disorientation. Even further out in
the spectrum of types of disorientation is that in which the
»ilot not only recognizes that he cannot control his vehicle
eifectively because of spatial disorientation, but he also cannot
odtain correct information because the violence of the motion
imposed is blurring his vision with counterproductive vestibulo-
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ccular reflexes {(nystagmus). For want of an adequately de-
Sb[lytlve simple term, we shall call this type yestibulo-ocular
dj ion, or Type III spatial disorientaticn.

Examples. The last of four F-15 Eagle fighter aircraft
took off on a daytime sortie in weather, intending to follow the
other three in a radar in-trail departure, Because of a navi-
gational error committed by the pilot shortly after takeoff, he
was lUnable to acquire the other aircraft on his radar. Frustrat-
ed, he elected to intercept the other aircraft where he knew
they would be in the arc of the standard instrument departure,
s0 he made a bee-line for that point, presumably scanning his
radar diligently for the blips he knew should be appearing at
any time.. Meanwhile, after ascending to 1200 m (4000 ft) above

ground level, he entered a descent of approximately 12 m/s (2400,

ft/min) as a result of an unrecognized 3-degrees-nose-low

attitude. After receiving requested position information from:

another member of the flight, the mishap pilot suddenly realized
he was in danger of colliding with the others, or he suddenly

aequired them on radar: he then made a steeply banked turn,.
either to avoid a perceived threat of collision or to.join up-
with the rest of the flight, Unfortunately, he had by 'this time .

descended far below the other aircraft and was going too fast to )

avoid the ground, which became visible under the overcast just
before the aircraft crashed, This mishap resulted from an
episode of unrecognized, or Type I, disorientation. The specific
illusion responsible. appgars to have. been the somatogravic
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illusion, created by the forward acceleration of this hlgh-
performance aircraft during takeoff and climb-out. The pilot's
preoccupation with the radar task compromised his instrument
scan to the point where the false vestibular cues were abkle to
penetrate his orientational information processing. Having
unknowingly accepgted an inaccurate orientational percept, he:
controlled the aircraft accordingly until it was too late to
recover, ,

Zxamnples of recognized, or Type 11, spatial disorientation
are easier to obtain than are examplies of Type I, as mnost
exgerienced pilots have anecdotes to tell about how they “got
vertigo®™ and fougnt it off, Some pilots wer2 not 30 Eortuna e,
however, One F-15 Eagle pilot, after climbing his aircraft in
formation with another F-15 at night, began to experience
difficulty maintaining spatial orientation and aircraft control
upon leveling off in clouds at 8200 m (27,000 ft). "Talk about
practice bleeding,” ne commented to the lead pilot. Having
decided to go to aanotner area becaus2 of the weather, the two
pilots began a descending right turn, At this point the pilot
on the wing told the lead pilot, "I'm flying upside down.”
Shortly afterward the w1n9man considered segarating from the
formation, saving, "I'm going lost wingman;" then, "No, I've got
you;" and finally, "No, I'm going lost wingman." Th=2 mishap
aircraft then descended in wide spiral, crashing into tne desert
less than a minute later, even though the lead pilot advised the
wingman several times during the descent to level out. In this
mishap the pilot probably suffered an inversion illusion upon
leveling off in the weather, and entered a graveyard spiral
after leaving the formation, Although he knew he was disori-
ented, or at least recognized the possibility, he still was
unable to control the aircraft effectively, That a pilot can
realize he is disoriented, see accurate orientation information
displayed on the attitude indicator, and still fly into the
ground, always strains the credulity of nonaviators. Pilots who
have had spatial disorientation, who have experienced fighting
oneself for control of an aircraft, are less skeptical.

The pilot of an F-15 Eagle, engaged in vigorous air combat
tactics training with two other F-15s on a clear-day, initiated
a hard left turn at 5200 m (17,000 ft) above ground level. For
reasons that have not been established with certainty, his'
aircraft began to roll to the left at a rate estimated at 150 to
180 degrees/s. He transmitted, "Out-of-control autoroll," as he
descended through 4600 m (15,000 ft). The pilot made at least
one successful attempt to stop the roll, as evidenced by the
momentary cessation of the roll at 2400 m (8,000 ft); then the’
aircraft began to roll again to the left. Forty seconds: elapsed’
between when the rolling began and when the pilot eJected-—but

too late. Regardless of whether the rolling was caused by a - .

mechanical malfunction or was induced by the pilot himself, the
certain result of this extreme motion was vestibulo-ocular
disorganization, which‘net-only prevented the pilot from reading
his instruments but '‘also kept him from orienting with the
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natural horizon, Thus, Type III disorientation probably pre-
vented him from taking appropriate corrective action to stop the
roll and keep it stopped; if not that, it certainly compromised
his ability to assesg accurately the level to which his situation
nad deteriorated.

Statistics. Despite continuing efforts to educate pilots"
atout spatial disorientation and the real hazard it represents,
the fraction of aircraft mishaps caused by or contributed to by
spatial disorientation remained fairly constant over the three’
decades between 1950 and 19380, A number of statistical studies.
of spatial disorientation mishags bear this out for the United
States Air Force., In 1956 Nuttall and Sanford reported that, in
one major air command during the period 1954-1956, spatial
disorientation was responsible for 4% of a1}|major aircraft
mishaps and 143 of all fatal aircraft mishaps. Moser in 19693
reported a study of aircraft mishaps in another major air command
durinyi th2 four-year period, 1964-1967: he found that spatial
disorientation was a sigpjificant factor in 9% of major mishaps
and 26% of fatal mishaps.-° 1In 1971 Barnum and Bonner reviewed
the Alr Force mishap data from 1958 through 1968, and found that
in 281 or 6% of the 4,879 major mishaps, spatial disorientation
was5 a causative factor; fatalities occurred in %Ll of those 281,
accounting for 153 of the 1,462 fatal mishaps., A comment by
3arnum and Bonner summarizes some interesting data about the
"average pilot" involved in a spatial disorientation mishap:
"He will be around 30 years of age, have 10 years in the cockpit,
and have 1,500 hours of first pilot/instructor-pilot time. He
will be a fighter pilot and will have flown approximately 25
times in the three months prior to his accident."” Barnum next
analyzed the mishap data for the three-year period, 1969-1971,
and concluded that spatial disorientation mishaps again accounted
for 6% of major misq%ps, but only for 10% of fatal mishaps
during this period. In a 1973 study, Kellogg found the
relative incidence of Air Force spatial disorientation mishaps
in the years 1968 through 1972 to range from 4.8 to 6.2%, and
confirmed the high proportion ?5 fatalities in mishaps resulting
from spatial disorientation, In 1980 Gillingham and Page
(unpublished data) reviewed the Air Force aircraft mishaps of
1979 and determined that at least 9 of the 94 major mishaps
(9.6%) and 9 off the 49 fatal mishaps (18.4%) occurring that year
would not have occurred had the pilots not been spatially:
disoriented at some time during the mishap sequence. The cost
of the Air Force aircraft destroyed each year in disorientation
mishaps has been until recently on the order of $20 million per
year., In 1979 it was $40 million; and the flgure continues to
rise, mainly as a result of the rapidly rising cost of new'
military aircraft. Statistics on the incidence of 'disorien-’
tatign-related aircraft mishaps in the United States Ar?g and -
Navy (7.11% and 6.75% of total mishaps, respectlvely) are -
remarkably similar to those of the air force, even though
the flying missions of the several military services are somewhat
different. e

iy
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Although statistics indicating the relative frequency of
spatial disorientation mishaps in air-carrier operations are not
readily available, it would be a serious mistake to conclude
that there have been no air-carrier mishaps caused by spatial
disorientation. Fourteen such mishaps occurring between 1950 and

1963 were reportedly due to somatogravic and visual illusions.
resulting in the so-called "dark-night-taxkeoff accident."? In-

addition, 26 commercial airliners were involved in jet-upset
incidents or accidents during the same period.11 Spatial

izorientation is also a problem in general (non-military,’

non-air-carrier) aviation. Kirkhan et al., reported in 1978
that, although spatial disorientation is a cause or factor in
only 2.5% of all general aviation aircraft accidents in the
United States, it is the third most common cause of fatal
general aviation accidents: 627 of the 4,012 fatal mishaps
(15.63%) occurring in the years 1970 through 1975 involved
spatial disorientation as a cause or fact:or.“l Furthermore, the
contribution of spatial disorientation to the second most common
cause c¢f fatal general aviation accidents--continued VFR flight
into adverse weather--i3 undoubtedly highly significant. Notably,
90% of general aviation mishaps in wnich disorientation is a
cause or factor are fatal.

Dvnamics of Sreatjal Orieptation and Disorientation. It is
naive to assume that a certain pattern of physical stimuli
always elicits a particular veridical or illusory perceptual
tesponze, Certainly, when a pilot has a wide, clear view of the
horizon, ambient vision supplies virtually all of his orientation
information; and potentially misleading linear or angular
acceleratory motion cues do not result in spatial disorientation
(unless, of course, they are so violent as to cause vestibulo-
ocular disorganization). When a pilot's vision is compromised
by weather, the same acceleratory motion cues can cause him to
develop spatial disorientation, but he usually avoids it by
referring to his aircraft instruments for orientation infor-
mation. If the pilot is unskilled at interpreting the instru-
ments, or if the instruments fail, those misleading motion cues
inevitably cause disorientation., Such is the character of vigual
domjinance, the phenomenon wherein one incorporates visual
orientation information into his percept of spatial orientation,
to the exclusion of vestibular and nonvestibular proprioceptive,
tactile, and other sensory cues. Visual dominance falls into
two categories: the congenital type, in which ambient vision

provides dominant orientation cues through natural neural

connections and functions; and the acquired type, in which
orientation cues are gleaned through focal vision and are
integrated as a result of training and experience into an:
orientation percept. The functioning of the proficient; instru-°

ment pilot illustrates acquired visual dominance:’ he has -

learned to decode with foveal vision the information on the .

attitude indicator and other flight instruments and to recon-
struct that information into a concept of where he is, what he
is doing, and where he.4is_going; and he refers to that concept
when controlling his rairgraft. This complex skill must be
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developed through training and maintained through practice; and
it is the fragility of this acquired visual dominance that makes
spat1a1 disorientation such a hazard,
e
The term yeghibular suopressicn is often used to denote the
active process of visually overriding undesirable vestibular,
sensations or vestibulo-ocular reflexes. An example of this
pect of visual dominance is seen in well-trained figure
aKaLp;o who, with much practice, learn to abolisn the post-
rotatory dizziness and nystagmus that normally result from the
very high angular decelerat}ona associated with suddenly stopping
rapid spins on the ice, But even these individuals, when
deprived of vision by eye closure or darkXness, have the very
dizziness and nystagmus we wou%% expect to result from the
ac elerat cry stimuli generated. In flight, the ability to
s3uppress unwanted vestibular sensations and reflexes is developed
with repeated exgosure to the linear and angular accelerations
of flight. As is the case with the figure skaters, however, the
pilot's ability to prevent vestibular sensations and vestibulo-
ncular reflexes iz compromised when he is deprived of visual
orientation cues--when he must look away from his attitude
indicator to manipulate a radio freguency-selector knob, for
instance,

At this point, we introduce the concept of yestibular
gpoortunism. By this is meant the propensity of the vestibular
system to fill an orientation-information void swiftly and
surely with vestibular information. When a pilot flying in
instrument weather looks away from his artificial horizon for a
mere few seconds, this is usually long enough for erroneous
vestibular information to break through the pilot's defenses and
become incorporated into his orientational percept. In fact, con-
flicts between focal visual and vestibular sources of orientation
information tend to resolve themselves very quickly in favor of
the vestibular information, without providing the pilot an oppor-
tunity to evaluate the information. It would seem that any
orientation information reaching the vestibular nuclei--whether
vestibular, other proprioceptive, or ambient visual--should have
an advantage in competing with focal wvisual cues for expression
as the pilot's sole orientational percept, because the vestibular
nuclei are primary terminals in the pathways for reflex orien-
tational responses, and are the initial level of integration for
any eventual conscious concomitant of perception of spatial.
orientation. 1In other words, although acquired visual dominance
can be maintained by diligent attention to artificial orientation
Ques, the challenge to this dominance presented by the processing,
of natural orientation cues through primitive channel§ is very.
potent and ever present, '

The lack of adequate orientation cues, and conflicts between
competing sensory modalities, are only a part of the whole
picture of a disorientation mishap. Why so many disoriented
pilots, even those who “Know they are disoriented, are unable to
recover their aircraft hds’ mystified aircraft accident investi-
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gators for decades. There are two possible explanations for this
phenomenon. The first suggests that the psychologic stress of
disorientation results in a disintegration of higher-order
learned behavior, imcluding flying skills, The second describes
a complex psychomotor effect of disorientation that causes the
pilot to feel the aircraft itself is misbehaving.

The disintegraticn of flying skill perhaps begins with the
pilot's realization that his spatial orientation and control.
over the motion of his aircraft have been compromised, Under
such circumstances, he pays more heed to whatever orientation
information is naturally available, monitoring it more and more
vigorously. Wnether the brain stem reticular activating system
or the vestibular efferent system, or both, are responsible for
the resulting heightened arousal and enhanced vestibular infor-
mation flow can only be surmised; but the net effect is that
more erroneous vestibular information is processed and in-
corporated into the pilot's orientational percept., This, of
course, only maxes matters worse, A positive-feedback situation
is thus encountered, and the vicious circle can now be broxen
only with a precisely directed, and very determined, effort by
the pilot, Unfortunately, complex cognitive and motor skills
tend to be degraded under conditions of psychologic stress such
as occurs during Type II or Type III spatial disorientation.,
First, there is a coning of attention, Pilots who have survived
severe disorientation have reported they were concentrating on
one particular flight instrument instead of scanning and in-
terpreting the whole group of them in the usual manner. Pilots
have also reported they were unaware of radio transmissions to
them while they were trving to recover from disorientation.
Second, there is the tendency to revert to more primitive
behavior, even reflex action, under conditions of severe psycho-
logic stress. The highly developed, relatively newly acquired
skill of instrument flying can give way to primal protective
responses during disorientation stress, making appropriate
recovery action unlikely. Third, it is often suggested that
disoriented pilots become totally immobilized--frozen to the
aircraft controls by fear or panic--as the disintegration
process reaches its final state, .

The q;an; Yand phenomenon, described by Malcolm and Money,11
undoubtedly explains why many pilots have been rendered hopeless-
ly confused and ineffectual by spatial disorientation, even
though they knew they were disoriented and should have been able
to avoid losing control of their aircraft, The pilot suffering
from this effect of disorientation perceives falsely that bhisg
aircraft is not responding properly to his contro] .inputsn,
because every time he tries to bring the aircraft to the’desired_
attitude, it seems actively to resist his effort and fly back to
another, more stable, attitude. A pilot experiencing disorien-
tation about the roll axis (e.g., the leans or graveyard spiral)
may feel a force--~like a giant hand--trying to push one wing
down and hold it there, "whlle the pilot with pitch-axis disorien-
tatzon {(e.g., the classié somatogravic illusion) may feel the
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airplane subjected to a similar force trying to hold the nose
down., Pilots who are unaware of the existence of this phenomenon
and experience it for the first time can be very surprised and
confused by it, and may not be able to discern the exact nature
of their problem. *A pilot's radio transmission that the aircraft
controls are malfunctioning should not, therefore, be taken as
conc1u51ve evidence that a control malfunction caused a mishap:
spatial disorientation could have been the real cause,

What mechanism could possibly explain the giant hand? To
try to understand this phenomenon, we must first recognize that
our perception of orientation results not only in the conscious
awareness of our position and motion but also in a preconscious
percept needed for proper performance of voluntary motor activity
and reflex actions. A conscious orientational percept can be
considered rational, in that we can subject it to intellectual
scrutiny, weigh the evidence for its wveracity, conclude that it
is inaccurate, and to some extent modify the percept to fit
facts obtained from other than the primary orientation senses,
In contrast, a preconscious orientational percept must be
considered irrational, in that it consists only of an integration
of data relayed to the brain stem and cerebellum by the primary
orientation senses, and is not amenable to modification by
reason. So what happens when a pilot knows he has become dis-
oriented and tries to control his aircraft by reference to a
conscious, rational percept of orientation which is at variance
with his preconscious, irrational one? Because only the data
comprising one's preconscious orientational percept are available
for the performance of primitive orientational reflexes (e.qg.,
vestibulo-ocular and postural reflexes), high-order reflexes
(e.qg., aversive responses), and skilled voluntary motor activity
(e.g., walking, running, bicycling, driving, flying), we should
expect the actual outcome of these types of actions to deviate
from the rationally intended outcome whenever the orientational
data upon which they depend are different from the rationally
perceived orientation. The disoriented pilot who consciously
commands a roll to recover aircraft control, while the infor-
mational substrate in reference to which his body functions
indicates that such a move is counterproductive or even danger-.
ous, may experience a great deal of difficulty .in executing the,
command. Or he may discover that the roll, once accomplished,
must be reaccomplished repeatedly, as his body responds auto-
matically to the preconsciously perceived orientational threat
resulting from his conscious efforts and actions to regain
control. Thus, the preconscious orientational percept influences
Sherrington's "final common pathway"™ for both reflex and volun-

tary motor activity; and the manifestation of this influence on

the act of flying during an episode of spatial disorientation is
the giant hand phenomenon, To prevail in this conflict between
his will and his skill, the pilot must decouple his voluntary
acts from his previously learned flying behavior, by accomplish--
ing those motions which produce directly the desired readings of.
the flight instrumen;iL rather than by flying the airplane to an,

Yesm ,'.
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attitude corresponding to the desired readings of the flight
instruments, coe

The salient features of the dynamics of spatial orientation.

and disorientation are diagrammed in Figure 23; the concepts of
viszual dominance, vestibular suppression, vestibular opportunism,

disintegration of flying skill, conscious and preconscious orien-.

tational percepts, and the giant hand phenomenon are presented

therein as they relate to the overall scheme of orientation-

information processing.

rigure 23, Flow of orientation information in flight. The
primary information-flow loop involves: stimulation of

the visual, vestibular, and other orientaticn senses
by visual scenes and linear and angular accelerations;
processing of this primary orientation information by
brain stem, cerebellum, and lower cerebral centers;
incorporating the solution into a data base for
reflexive and skilled voluntary motor activity (pre-
conscious orientational percept); and effecting
control inputs, which produce aircraft motions that
result in orientational stimuli. A secondary path of
information flow involves the processing of largely
numerical data from flight instruments into derived
orientation information by higher cerebral centers.
Subloop a provides for feedback between various
components of the nervous system, and includes
efferent system influences on the sensory end-organs
themselves, .The phenomena of visual dominance,
~vestibular suppression, and vestibular opportunism
occdr in conjunction with the functioning of this,
loop. Subloop b generates conscious perception .of'
orientation, both from the body's naturally obtained.
solution of the orientation problem and from orien-
tation information derived from flight instrument
data., Voluntary control commands arise in response to
conscious orientational percepts; and the psychiq
stress resulting from conflicting orientation infor-
mation or from apparently aberrantly responding’

effectors can influence the manner in which orien-" -

tation information is processed, leading ultlmately to
disintegration of flying skill. Subloop ¢ incorpo-
rates feedback from muscles, tendons, and joints
involved in maKing control inputs, and provides a
basis for the giant hand phenomenon.
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S Jacive i i atjon. From a knowledge
of the physical bases of the various illusions of flight one can
readily infer many of the specific environmental factors con-
ducive to spatial “disorientation, Certain visual phenomena
produce characteristic visual illusions, such as false horizons,.
linear and angular vection, and autokinesis. Prolonged turning:
at a constant rate, as in a holding pattern or procedure turn,
can precipitate somatogyral illusions or the leans; and Coriolis
illusions can conceivably occur with head movements under these:
conditions, Relatively sustained linear accelerations, such as
‘those that occur on takeoff, can produce somatogravic illusions;
and head movements during G-pulling turns can elicit G-excess
illusions,

What are the regimes of flight and activities of the pilot
that seem most likely to allow these potential illusions to
manifest themselves? Certainly, instrument weather and night
flying are primary factors. But especially likely to produce
disorientation is the practice of switching back and forth
between the instrument flying mode and the visual or contact
flying mode; a pilot is far less likely to become disoriented if
he gets on the instruments as soon as out-of-cockpit vision is
compromised and stays on the instruments until continuous
contact flying is again assured, 1In fact, any event or practice
requiring the pilot to break his instrument cross-check is
conducive to disorientation, In this regard, avionics control
switches and displays.in some aircraft are located where the
pilot must interrupt his instrument cross-check for more than a
few seconds to interact with them, and are thus known (not so
affectionately) as "vertigo traps." Some of these vertigo
traps require substantial movements of the pilot's head during
the time his cross-~check is interrupted, thereby providing both
a reason and an opportunity for spatial disorientation to strike.

Formation flying in weather is probably the most likely of
all situations to produce disorientation; indeed, some experi-
enced pilots get disoriented every time they fly wing or trail
in weather. The fact that a pilot has little if any opportunity
to scan his flight instruments while flying formation on his .
lead aircraft ,in weather means he is essentially isolated from
any source of accurate orientation information, and misleading,
vestibular and ambient visual cues arrive unchallenged into his
sensorium,

Of utmost importance to a pilot in preventing spatial
disorientation is competency and currency in instrument flying. A,
non-instrument-rated pilot who penetrates instrument weather is
virtually assured of developing spatial disorientation within a.
matter of seconds, just as the most competent instrument pilot
would develop it if he found himself flying in weather without
functioning flight instruments. Regarding instrument flying
skill, one must “use it _or lose it," as they say. For that
reason pilots whose primary flying activity involves missions or
environments in which instrument weather is rarely encountered
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(e.g., air combat training in the United States Southwest) must
aggressively seek opportunities to practice instrument flying so
as to maintain thelr proficiency at it. Otherwise, they could
discover that their instrument flying skill has deteriorated to
a dangerously low level during a rare occasion when that skill.
is really needed.

Finally, conditions affecting the pilot's physical or
mental health must be considered capable of rendering the pilot
more suscaptible to spatial disorientation, The unhealthy effect
of alconhol ingestion on neural information processing is one obv-
fous example; but the less well-Xnown ability of alcohol to
produce vestibular nystaymus (positional alcohol nystagmus--PAN)
for many hours after its more overt effects have disappeared is
provadly of egual sigynificance, Other druygs, such as barbitu-
rates, ampnetamines, and even the quinine in tonic water, are
suspected of possibly have contributed to aircraft mishaps
resulting from spatial disorientaticn. Likewise, physical and
mental fatigue, as well as acute or chronic emotional stress, can
tob the pilot of his ability to concentrate on his instrument
cross-check, and can therefore have deleterious effects on his
resistance to spatial disorientation.

Prevention of Disorientation Mishaps

Spatial disorientation can be attacked in several ways.
Theoretically, each link in the physiologic chain of events
leading to a disorientation mishap can be broken by a specific
countermeasure (Fig. 24). Spatial disorientation can many times
be prevented by modifying flying procedures so as to avoid those
visual or vestibular stimuli that tend to create illusions in
flight. By improving the capacity of flight instruments to
translate aircraft position and motion information into readily
assimilable orientation cues, we can help the pilot avoid
disorientation. Through repeated exposure to the environment of
instrument flight, the pilot becomes proficient in instrument
flying; this involves developing perceptual processes that result
in accurate ofientational percepts rather than orientational
illusions. If a pilot who is experiencing an illusion can,
relinquish control of his aircraft to an autopilot, he can
convert his situation from one of hazardous spatial disorien-
tation to one of irrelevant spatial unorientation, and reclaim
control once the orientational illusion has subsided. Use of
the autopilot, not only to help the pilot recover from disorien=
tation, but also to help prevent it in the first place, is a
technique that has considerable potential for saving lives,
particularly in general aviation, Given that a pilot has
developed spatial disorientation, if he can be made to recognize
that he is disoriented, he is halfway along the road to recovery.

f e N
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To cecoynize disogientation is not necessarily easy, however,

First, the pilot must recognize that he is having a problem .

holding his altitude or heading; this he cannot do if he is
concentrating on something other than the fight instruments--on
the radar scope, for instance, Only through proper flight
training can the discipline of continuously performing the
instrument cross-check be instilled. Second, the pilot must
recognize that his difficulty in controlling the aircraft is a
result of spatial disorientation, This ability is promoted
through physiological training, We said that the pilot who
suspects he is disoriented is halfway down the road to recovery:
why not most of the way? Because a pilot's ability to cope with
the effects of disorientation on his control inputs to the
aircraft comes through effective flight instruction, proper
physiological training, and experience in controlling his
vehicle in an environment of conflicting orientation cues--his
simply being aware that he is disoriented by no means ensures
his survival,

Figure 24. The chain of events leading to a spatial disorien-
tation mishap, and where the chain can be attacked and
broken. From left: Flight procedures can be altered
to generate less confusing sensory inputs, Improved
instrument presentations can aid assimilation of
orientation cues. Proficiency in instrument flying
helps assure accurate orientational percepts. In the
event the pilot suffers an orientational illusion,

. having the aircraft under autopilot- control avoids
. » disaqrientation by substituting unorientation. Proper
‘£light training allows the disoriented pilot to.
recognize he is having a problem controlling his
craft, Once he knows he is having a problem, his
physiological training helps him realize his problem
is spatial disorientation., With appropriate in-

o struction and/or firsthand experience, the pilot with
recognized spatial disorientation can apply the
correct control forces to recover the airtcraft and
survive the disorientation incident,
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gat] ining. Physiological training is the main
weapon against spatial disorientation at the disposal of the
flight surgeon and aerospace physiologist, This training
ideally should consist of both didactic material and demon-
strations. There 'i% no paucity of didactic material on the

subject of disorientation: at least eight films, five video~

cassette tapes, three slide sets, two handbooks, and numerous .

chapters in books and manuals have been prepared for the purpose
of informing the pilot about the mechanisms and hazards of

spatial disorientation. Although the efforts to generate .

information on sgatial disorientation are commendable, there has

been a tendency for the didactic matecial thus far produced to

w21l too much on mechanisms and effects of disorientation
without giving much practical advice on how to Zdeal with it,
Money and Malcolm noted that none of the available films on
spatial disorientation gives sufficient emphasis to what the
pilot should do when he suspects disorientation.?2® Wnile
several of the films recommend that the pilot believe his
instruments, this message is too subdued and, by itself, is
inadeguate, Money and Malcolm argue that under some circum-
stances (e.g., panic) a pilot may in fact believe the instruments
but continue to fly the aircraft according to his false orien~
tational percept, If a pilot is told in addition, "Make the
instruments read right, regardless of your sensations,” he has
simple, definite instructions on how to bring the aircraft under
control when disorientation strikes., We strongly advise,
therefore, that every presentation to pilots on the subject of
spatial disorientation emphasize the need to make the instruments
g2ad gight, as well as to believe them, when responding to
disorientation stress.

The traditional demonstration accompanying lectures to
pilots on spatial disorientation is a ride on a Barany chair or
other smoothly rotating device. The subject, sitting in the
device with his eyes closed, is accelerated to a constant
angular velocity and asked to signal with his thumbs his per-
ceived direction of turning, After a number of seconds (usually
from 10 to 20) at constant angular velocity, the subject 1loses

the sensation of rotation and signals this fact to the observers,

Then the instructor suddenly stops the rotation, whereupon the
subject -immediately indicates that he feels he is turning in the
direction opposite his original direction of rotation, The
subject is usually asked to open his eyes during this part of

the demonstration, and is amazed to see that he is actually not"

turning, despite the strong vestibular sensation of rotation,
After the described demonstration of somatogyral illusions, the
subject is again rotated at a constant velocity with his eyes.
closed, this time with head down (facing the floor). : When the

subject indicates his sensation of turning has ceased, he is.

asked to raise his head abruptly so as to face the wall. The,

Coriolis illusion resulting from this maneuver is one of a very
definite roll to one side: the startled subject may exhibit a
protective postural 'reflex, and may open his eyes to help him
visually orient during his ,falsely perceived upset, The message
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delivered with these demonstrations is not that such illusions
will be experienced in flight in the same manner, but that the
vestibular sense can be fooled--i,e,, is unreliable--and that
only the flight inskruments provide accurate orientation infor-
mation,

CGver the years at least a dozen different devices have been’

developed to augment or supplant the Barany chair for demcn-

strating various vestibular and visual illusions and the effects

of disorientation in flight, These devices, collectively known

as apntivertigo tLAAﬂiLi fall into two basic categories:

2rientasional illusion demenstgators and gpatial disoriepntaticn

danonstritors. The great majority are illusion demonstrators,
in which the subject rides passively and experiences one or more
of the following: somatogyral, oculogvral, somatogravic,
ocvulojravic, Coriolis, G-excess, vection, and autoxkinetic
illusions, In an illusion demonstrator, the subject typically
is asked to record or rememkber the magnitude and direction of
the orientational 1illusion, and then is told or otherwise
allow=d to experience his true orientation, A few antivertigo
trainers are actually spatial disorientation demonstrators,
which allow the subject to experience the difficulty in con-
trolling the attitude and motion of the trainer while being
subjected to somatogravic, somatogyral, and/or Coriolis il-
lusions. Figure 25 shows two antivertigo trainers presently in
use in the United States Air Force., One must be aware that the
name given to any particular antivertigo trainer does not
necessarily describe its function: The USAFSAM Spatial Disorien-
tation Demonstrator, for example, was actually an orientational
illusion demonstrator,

Although the maximum use of antivertigo trainers in physi-
ological training of pilots is to be encouraged, it is important
to recognize the great potential for misuse of such devices by
personnel not thoroughly trained in their theory and function.
Several antivertigo trainers have aircraft-instrument tracking
tasks for the subject to perform while he is experiencing
orientational illusions but.is not actually controlling the
motion of the trainer, The temptation is very strong for
unsophisticated operating personnel to tell the subject he is
"fighting disorientation" if he performs well on the tracking
task while subjected to the illusion-generating motions, Because

the subject's real orientation is irrelevant to the tracking.

task, any orientatjonal illusion is also irrelevant, and he
‘experiences na conflict between visual and vestibular information
in .acquiring cues upon which to base his control responses.,
This SLtuatlon, of course, does not capture the essence of.
disorientation in flight; and the trainee who is led to' believe

he is fighting disorientation in such a ground-based demon- "
stration may develop a false sense of security about his ability"

to combat disorientation in flight, The increasing use of
spatial disorientation demonstrators, in which the subject must
control the actual motion™ of the trainer by referring to true-
reading instruments whiTe’under the influence of orientational
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Figure 25. Two types og antivertigo trainer currently in use: a.
The Vertigon , an orientational illusion demonstrator,
allows the subject to experiéence Coriolis and soma-
togyral illusions while performing §{racking and
dial-setting tasks. b. The Vertifuge , a spatial
disorientation demonstrator, subjects the trainee to
somatogravic, Coriolis, and somatogyral illusions that
generate orientational conflicts as he tries to con-
trol the attitude and motion of the device by re-
ferring to a true-reading attitude indicator.

illusions, will most likely reduce the potential for misuse and
will improve the effectiveness of presentations to pilots on the
subject of spatial disorientation. )

. .

Flight training provides a good opportunity to instruct
pilots about the hazards of spatial disorientation. Inflight
demonstrations of vestibular illusions are included in most
formalized pilot training curricula, although the efficacy of
such demonstrations is highly dependent on the motivation and
skill of the individual flight instructor, Somatogyral and
somatogravic illusions and illusions of roll attitude can
usually be induced in a student pilot by a flight instructor who
either understands how the vestibular system works or knows from

experience which maneuvers consistently produce illusions. The

vestibular-illusion demonstration should not be confused with

the unusual-attitude-sresovery demonstrations in the typical :

AR ]
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pilot training syllabus: the objective of the former is for the
student to experience orientational illusions and recognize them
as such; that of the latter is for the student to learn to
regain control of an aircraft in a safe and expeditious manner,
In both types of demonstration, however, control of the aircraft

P4

should be handed over to the student pilot with the instruction, -

"Make the instruments read right,"

Part of flight training is continuing practice to maintain

flying proficiency, and the importance of such practice in-
reducing the likelihood of having a disorientation mishap cannot

oo overempnasized. Whether flying on instruments, in formation,
or enygyajed in aerobatic maneuvering, familiarity with the
environment--based on recent exposure to.it--and proficiency at
the flying task--based on recent practice at it--result not only
in a greater ability to avoid or dispel orientational illusions,
cut also in a greater ability to cope with disorientation when
it does occur,

Inflight Procedures, If a particular inflight procedure
frequently results in spatial disorientation, it stands to
r2ason that modifying or eliminating that procedure should help
reduce aircraft mishaps due to disorientation., Night formation
takeoffs and rejoins are examples of inflight procedures that
very frequently are associated with spatial disorientation; and
the United States Air Force has, wisely, officially discouraged
these practices in most of its major commands.

Another area of concern is the "lost wingman" procedure,
used when a pilot has lost sight of the aircraft on which he has
been flying wing. Usually the loss of visual contact is due to
poor visibility, and occurs after a period of vacillation
petween formation flying and instrument flying. Such conditions,
of course, invite disorientation. The lost wingman procedure
must, therefore, be made as uncomplicated as possible while still
allowing safe separation from the other elements of the flight,
Maintaining a specified altitude and heading away from the flight
until further notice is an ideal lost wingman procedure, in that
it avoids frequent or prolonged disorientation-inducing turns
and minimizes cognitive workload., Often a pilot-flying wing in
bad weather does not lose sight of the lead aircraft, but
suffers so much disorientation stress as to make the option of
going lost wingman seem safer than that of continuing in the

formation. A common practice in this situation is for the

wingman to take the lead position in the formation, at least
until the disorientation disappears., This avoids the necessity

of "having the disoriented pilot make a turn away from the"
flight to go lost wingman, which could be especially difficult-

and dangerous because of his disorientation. One should question -
the wisdom of having a disoriented pilot leading a flight, .

however; and some experts in the field of spatial disorientation
are adamantly opposed to this practice, with good reason,

s "‘
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Verbal communication between pilots can help prevent
disocientation, In formation €flight in weather, for example, it
is good practlce for the flight leader to inform his wingman
periodically of the attitude, altitude, airspeed and heading of
the flight, as the “task of formation flying makes it difficult

for the wingman to obtain accurate orientation information by .
monitoring flight instruments. In some cases a copilot or other -

crew member is available to monitor aircraft attitude, motion,
and position during times when the pilot is fully occupied with

other demanding tasks (e.g., weapons delivery at night)., The"

other crew member's verbal orientational status reports or
warnings of hazardous orientations can serve the pilot well
under such circumstances,

The manner in which others communicate with the pilot who
i35 disoriented can mean the difference between life and death
for that pilot and his passengers. Unfortunately, no clear-cut
procedure exists for ensuring appropriate communications to a
disoriented pilot. Should he be hounded mercilessly with verbdal
orders to get on the instruments, or should he be left relatively
undistracted to solve his orientation problems? The extremes of
haraszment and neglect are definitely not appropriate; a few
forceful, specific, action-oriented commands probably represent
the best approach, "Level the artificial horizon!"™ and “Roll
right 90 degrees!" are examples of such commands, One must
remember that the pilot suffering from spatial disorientation
may be either so busy or so functionally compromised that
friendly chit-chat or complex instructions may fall on deaf
ears, Simple, emphatic directions may be the only means of
penetrating the disoriented pilot's consciousness,

To illustrate how official recommendations regarding
inflight procedures are disseminated to pilots in an effort to
prevent spatial disorientation mishaps, a message from a major
United States Air Force command headquarters to field units is
excerpted here: '

"...Review SD procedures in [various Air Force
manuals]... Discuss the potential for SD during
flight briefings prior to flight involving-night,
weathes, or conditions where visibility is
significantly reduced... Recognize the [SD]
problem early and initiate corrective actions
before aircraft control is compromised.

A, Single Ship:
(1) Keep the head in the cockpit. Concen-
trate on flying basic instruments with
frequent reference to the attitude indi-
cator. Defer non-essential cockpit
chores. " i..
e s
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(2) If sywmptoms persist, bring aircraft to
straight and level flight using the atti-
tude indicator. Maintain straight and level
flight,.until symptoms abate--usually 30 to
60 seconds, Use autopilot if necessary.

(3) If necessary, declare an emergency and
advise air traffic control, Note: it is
possible for SD to proceed to the point
where the pilot is unadle to see, in-
tercret, or process information from the
flight instruments, Aiccraft control in
such a situation is impossible, A pilot
must recognize when physiological/psycho-
logical limits nhave been exceeded and be
prezar=2d to abaadon the aiccraft,

Formation flights:

(1) Separate aircraft from the formation
under controlled conditions if the weather
encountered i3 either too dense or turbu-

lent to insure safe flight,.

(2) A flight lead with SD will advise his
wingmen that he has SD and he will comply
witnh procedures in Paragragh A, If possi-
ble, wingmen should confirm straight and
level attitude and provide verbal feedback
to lead, If symptoms do not abate in'a
reasonable time, terminate the mission and
recover the flight by the simplest and
safest means possible,

(3) Two-ship formation, Wingman will
advise lead when he experiences 51gn1f1cant
SD symptoms,

(a) Lead will advise wingman of aircraft
attitude, altitude, heading, and
} airspeed.

(b) The wingman will advise lead if
problems persist, If so, lead will
establish straight and level flight for
at least 30 to 60 seconds,

(c) If the above procedures are not:.
effective, lead should transfer the
flight lead position to the wingman
while in strajght and level flight.

Once assuming lead, maintain straight
and lewel flight for 60 seconds. If
necessary,/ terminate the mission and
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u.«recert’by the sihplest and safest
means possible, ' .

(4) More than two-ship formation. Lead
'should separate the flight into elements to
more effectively handle a wingman with
persistent SD symptoms. Establish straight
and level flight, The element with the SD
pilot will remain straight and level while
other element separates from the flight.”

Cockpit Lavout and Flight Instruments. One of the most
notorious vertigo traps is the communications-transceiver
frequency selector or transponder code selector located in an
obscure part of the cockpit: to manipulate this selector
requires -the pilot not only to look away from his flight instru-
ments, thus interrupting his instrument scan, but also to tilt
his head to view the readout, thus potentially subjecting him to
a Coriolis or G-excess illusion. Aircraft designers are now
aware that easy accessibility and viewing of such frequently used
devices minimize the potential for spatial disorientation;
accordingly, most modern aircraft have communications frequency
and transponder code selectors and readouts located in front of
the pilot near the flight instruments.

The location of the flight instruments themselves is also
very important: they should be clustered directly in front of
the pilot, and the attitude indicator--the primary provider of
orientation cueing and the primary instrument by which the
aircraft is controlled--should be in the center of the cluster
(Fig. 26). When this principle is not respected, the potential
for spatial disorientation is increased. A certain modern
fighter aircraft, for example, was designed to have the pilot
sitting high in the cockpit to enhance his field of view during
air-to-air combat in conditions of good visibility. This design
relegated the attitude indicator to a position more or less
between the pilot's knees., As a result, at night and during
instrument weather, the pilot is subjected to potentially
disorienting peripheral visual motion and position cueing by
virtue of his being surrounded by a vast expanse of canopy, .
while he tries to glean with central vision the correct orien-
tation information from a relatively small, distant attitude
indicator. The net effect is an unusually difficult ‘orientation,
problem for the pilot, and a greater risk of developing spatial’
disorientation in this aircraft than in others with a larger and
more advantageously located attitude indicator. |

The verisimilitude of the flight instruments is also a
major factor in theig ability to convey ;eadily assimilable

TP "'
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Figure 26. A well-designed instrument panel, with the attitude
indicator located directly in front of the pilot, and
the other flight instruments clustered around it.
Radios and other equipment requiring frequent manipu-
lation and viewing are placed close to the flight
instruments to minimize interruption of the pilot's
instrument scan and to obviate his having to make head
movements that could precipitate spatial disorien-
tation. (Photo courtesy of Gen-Aero, Inc,, San
Antonio, TX,.)

orientation information. The o0ld "needle, ball, and airspeed"
indicators: (a needle pointer showing the direction and rate of
turn, a ball ghowing whether the turn is being properly co-
ordinated with the rudders, and an airspeed indicator showing'
whether the airplane is climbing or diving) required a lot of .
interpretation for the pilot to perceive his spatial orientation
through them; nevertheless, this combination sufficed for nearly
a _generation of pilots. When the attitude indicator ‘(also known
as the gyro horizon, artificial horizon, or attitude gyro) was,
introduced, it greatly reduced the amount of work reguired to
spatially orient during instrument flying because the pilot -
could readily imagine the artificial horizon line to be the real ' -
horizon. 1In addition to becoming more reliable and more versa-

M e BER
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tile over the years, it became even easier to interpret: the
face was divided into a gray or blue "sky"™ half and a black or
brown "ground" half, with some models even having lines of .
perspective converging to a vanishing point in the lower half, -
Such a high degree of similarity to the real world has made the
attitude indicator the mainstay of instrument flying today.

A relatively new concept in flight instrumentation, the .
head-up display (HUD), projects numeric and other syambolic
information to the pilot from a combining glass near the wind-
screen, so he can be looking forward out of the cockpit and
simultaneously monitoring flight and weapons data, When tne
pilot selects th2 appropriate display mode, pitch and roll
attitude of the aircraft are observed on the "pitch laddecr”
(Fig. 27) and heading, altitude, airspeed, and other flight
parameters are numerically displayed elsewnere on the HUD. Its
up~front location and its close-together. arrangement of most of
the required aircraft control and performance data make the HUD
an attractive alternative to the conventional cluster of instru-
ments, and some pilots use the HUD as the primary instrument
for spatial orientation and aircraft control during instrument
flight, Pilots' acceptance and use of the HUD for flying in
instrument weather has not been universal, however: many prefer
to' use the HUD under conditions of good outside visibility and
use the conventional instruments for flying at night and in
weather. The reason for this preference may be that the horizon
on the conventional instrument looks more like the natural
horizon than does the zero-pitch indicator on the HUD pitch
ladder., Another reason may be that the HUD presents such a
narrow view of the outside world--a "vernier" view with high
resolution--while the conventional attitude indicator gives an
expansive pictorial view of the spatial environment, Further-
more, the relative instability of the HUD pitch ladder and the
tendency for the zero-pitch line to disappear from view make the
HUD somewhat difficult to use during moderately active maneuver-
ing, as would be necessary during an unusual-attitude recovery
attempt., . - -

. - )

As good as they are, both the attitude indicator and the'
HUD leave much to be desired as flight instruments for assuring .
sgapial orientation. Both suffer from the basic design de-
ficiency of presenting visual spatial orientation information to
the wrong sensory system--the focal visual system. Two untoward
effects result., First, the pilot's focal vision not only must’
serve to discriminate numerical data from a number of instru-’

ments, but also must take on the task of spatially orienting the -

pilot. The pilot thus has to employ his focal visual system in -
a somewhat inefficient manner during instrument flight, with
about 70% of his time spent viewing the attitude indicator,

while his ambient viéion vyemains unutilized. Second, the fact
‘e e "
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27. A typical head-up display (HUD). The pitch ladder in
the center of the display provides pitch and roll
-attitude information,
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that focal vision is not naturally equipped to provide primary -
spatial orientation cues causes pilots difficulty in interpreting.

the artificial horizon directly: there is a tendency, especially
‘among novice pilots, to sense backwards the displayed deviations
in roll and pitch, and to make initial roll and pitch corrections
in the wrong direction. Several approaches have Dbeen taken to
try to improve the efficiency of the pilot's acquisition of
orientation information from the attitude indicator and associ-
ated. flight instruments. One has been to make the artificial
horizon stationary but to roll and pitch the small aircraft on
the instrument to indicate the motion of the real aircraft (the
so-called "outside-in" presentation, as opposed to the "inside-
out" presentation of conventional attitude indicators). Theo-
retically, this configuration relieves the pilot of having to
spatially orient himself before trying to fly the aircraft: the
pilot merely flies the small aircraft on the attitude instrument
and the real aircraft follows, so to speak. This approach,
however, fails to free foveal vision from the unnatural task of
.processing spatial orientation information. Another concept,
the peripheral visual horizon display (PVHD), also known as the
Malcolm horizon, attempts to give pitch and roll cues to the
pilot through his paracentral and peripheral vision, thereby
sparing foveal visiog for tasks requiring a high degree of
visual discrimination,<>® The several varieties of PVHD that
have been developed project across the instrument panel a long,
‘thin . line of light representing the true horizon, which line of
light moves directly in accordance with the relative movement of
the true horizon (Fig, 28). The potential for further develop-
ment and eventual pilot acceptance of PVHD-type aircraft attitude
displays appears good, as the PVHD is based on the physio-
1ogxca11y sound concept of provmdlng primary spatial orientation
cueing through ambient vision--i,e., in the natural fashion,
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Figure 28,

The peripheral visual horizon display (PVHD), or
Malcolm horizon. An artificial horizon projected,
CéOSS the instrument panel moves in accordance with
real horizon, and the pilot observes the projected
horizon and its movement with his peripheral vision\
Theoretically, this enables him to process spatial
orientation information in the natural fashion, and
spares his foveal vision for tasks requ1ring a high
degree of visual discrimination, .

' .
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INTEGRATING THE HUMAN INTO THE DESIGN PROCESS:
A CRITICAL CHALLENGE WHOSE TIMZ HAS CCME

David W. Milam, Colonel, USAF
3TCGRAPYHY

Colonel David W. Milam is the Deputy Svstem Program Director for B-1B,
Aerorvautical Svstems Division, Alr Force Systems Command, Wright-Patterson
AF3, OH. '

Colonel Milam was born on July 12, 1940 in Tuscon., AZ and graduated from
Central Hizh School in Pueblo, <CO in 1938, After actending Pueblo Junior
College for one year, he went to the USAF Academy where he graduated in 1963.
Ha received a Master of Sciences degree in Aeronautical Engineering from the
University of Arizona in 1971. Colonel Milam attended the USAF Test Pilot
School in 1273, He is a 1977 graduate of the Armed Forces Staff College and a
1983 graduate of the Air War College.

Upon receiving his commission from USAFA, he attended pilot training at
Moody AFB, GA and graduated in September of 1964. After graduation. he
attended F-100 RTU at Luke AFB, AZ and was subsequently assigned to the 55ch
TAC Fighter Squadron at RAF Wethersfield, England from June 1965 to June 19568.

From July 1968 to December 1968, he was a flight commander and
maintenance officer at Bien Hoa AFB, Republic of Viet Nam. From January 1969
to July 1969, he was a briefing officer for the Commander of 7th Air Force at
Ton Son Nhut AB, Republic of Viet Nam while continuing to fly F-100's at Bien
Hoa.

Returning to the United States, he went to graduate school at the

University of Arizona. After ‘graduation, he was assigned to the Mechanics
Department at the US Military Academy, West Point, NY from June 1971 to
December 1972. He taught thermodynamics, fluid mechanics, and flight
mechanics.

In January 1973, he entered the USAF Test Pilot School. After graduation
in December 1973, he went to flight test operations where he managed several
flight test programs on the F-4 and A-7. These test programs included flxght
control system improvements and advanced gunsights. He returned to the Test.
Pilot School in 1975 and taught flying qualities and linear control systems.

) After graduation from the Armed Forces Staff College in May 1977, he
returned to flight test operations at the Air Force Flight Test Center,
Edwards AFB, CA. 1In October of 1978, he joined the F-16 Comblned.Test Force.
He held numerous positions including program manager, operations officer,
deputy director, and director. He accomplished many of the flight tests for’
flight control system development, gunsight development and out-of-control
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flight. During this period, he was also the Director of the AFTI/F-16 Joint
Test Force. He was responsible for the initial formation of the joint test
force and participated in the development of the AFTI/F-16 flight control
system and cockpit controls and displays.

Afrer graduating from the Air War College in May of 1983, he was assigned
to the Air Staff as Chief of the Special Projects Division under the Dirzccor
of Operational Requirements, Deputy of Research, Development and Acquisition.
He managad a brovad bread: of programs to include several. programs in
electronic warfare. He assumed his present duties i{n February 1986,

Colonel Milam is a command pilot with more than 36C0 flving hours. His
military decorations include Legion of Merit with one oak leaf cluster,
Distinguished Flving Cross, bronze star, Meritorious Service Medal, Air Medal
with saven oak leaf clusters, Air Force Commendation Medal with three oak leaf
‘clusrers, Praesidential Uniz Citation emblem and Air Force Outstanding Unitc
Award with five oak clusters and valor device. '

INTRODUCTICN

In my nine years as a test pilot at the Air Force Flight Test Center
(AFFIC) I have been involved in some great successes and some expensive

failures. I have seen two different pilots get into a Pilot-Induced
Oscillation (PIO) in the F-4; one aircraft was destroyed and the other was
severely damaged. In both cases, there was nothing mechanically wrong with
the aircrafe. I have watched a landing PIO on the Space Shuttle at Edwards
AFB and at Holloman AFB. I personally witnessed the inadvertant first flight
of the F-16 when an experienced test pilot got into a lateral PIO on a high
speed taxi check. I was the project manager on the F-16 gunsight when we

discovered that a new gunsight was unstable when the pilot aggressively
attempted to track a target; we didn’t make that discovery until the gunsight
had already been on the airplane for three years. All of these incidents were

linked by a common element--human interaction with a machine. All of the
machines had been carefully designed and thoroughly tested by experienced
engineers and test pilots - yet the incidents still occured. Recent

professional symposia indicate a growing interest and belief that important
benefits can be obtained by insuring that the development of new aircraft be'
accomplished with a full understanding of the effect of the human on that
aircrafe,

.. _ The objective of any aircraft development program should be to optimize
the  total aircraft system which includes both the pilot and the wvehicle,
There are numerous, time-proven, well-known analysis techniqueslahich can be
used to predict aircraft response without the pilot in the loop. These’
techniques, such as Bode and root locus, allow limited analysis of the total’
system, i{.e. pilot in the loop. Although these analysis techniques provide an
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etffective tool for dewelopment of new flving qualities they have the

limitation that they do not include the variable of pilot dynamics. In order
to 1include the pilot in the design process, ground simulation must be
accomplished. However, understanding the results of simulation requires that

designers have an understanding of how humans accomplish motor skill tasks.
Specifically, designers must wunderstand human mental processes and brain
architecture 1in order to analyze the performance of skill tasks In the

simulacor. Simulation includes the human element at an early stage in the
design process when changes are easily made; changes late in the design
process are often eliminated because they are too costly. There are some
limitations to each of the parts of the design process (concept, engineering
analysis, ground slmulation, {inflight simulation, and flight test) but,
collectively, they can be used very effectively in optimizing a total system
design.

DEVELOPMENT PROCESS

Military objectives are the result of political objectives and the
National interest. In order to fulfill military requirements, which result
from military objectives, <civilian and military leaders attempt to obtain an
optimum balance of (1) Force Structure, = (2) Readiness, (3) Modernization, and
(4) Sustainability. Monetary constraints force choices about the amount of
modernization vs. size of the force, the degree of readiness, and the amount
of spares for sustained operations. An optimum balance of the four variables
is difficult to define precisely. Broadly speaking developers and testers
must provide leaders with accurate assessments of total system capability so
the leaders can determine 1If the purchase of a new system outweighs the
importance of increased force structure, increased readiness, of increased
sustainability. Civilian and military leaders desire precise statements of
total system capability, but this is difficult for the developer to determine.
There are many reasons why the development of new systems is so complex. One
difficulty involves the uncertainty inherent in continuously pushing the
technological state-of-the-art. Another difficulty is the lack of centralized
control .resulting from the large number of people in the development/testing
process.

The -‘task of defining total system capability demands that the decision

maker have knowledge of six basic factors: ,
Survivability

Reliability
ZMaintainabilicy

Performance

Workload :
Cost o

0O 0 0 0 0 O

Although they are not the only factors which define total system capability,’
they are the most significant. A production decision 1is rational and
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intelligent only Lf aceurate assessments of these factors have been provided

to the decision maker. Although the decision maker wants facts, some of the
"facts" are difficult to test in any quantitative manrer and are little more
than best guesses. The relevancy and utility of the facts are a function of

the quality and quanticy of testing.

Cosz, reliability, maintainability, and performance can all be measurad
quantitatively, howewver, survivability and workload cannot. Cost is firm the

dav a contract is sigred, but it subsequently changes. Some sources of cost
Jrowth are: engineering changes throughout the development of a systenm,
changes of production rate and quantity, schedule changes, initial estimate
inaccuracies, unforseen  problems, and changes in logistic support.
Reliabilitv can be estimated by reviewing the performance of hand-made test
vehicles but  onlv operational experience gives accuracte numbers.

Maintainabilitr can also be measurad on a test vehicle that is maintained by
skilled aircraft technicians, but will certainly change when young enlisted
people are worxking on the airplane at an operational base. Performance can be
measurad in many ways such as time to climb, <turn rate, specific excess power
(Ps), radar range, roll rate, etc., but these will change in the production
vehicle because of desizgn changes and system growth. The difficult decision
is to determine how much weight to give to each of these performance
varameters. Survivability is difficult to measure quantitatively because it
depends on threat capabilities as well as friendly capability. There is the
potential to estimate survivability wicth simulator studies but the simulation
is based on many assumptions of number of weapons, alert status, tactics, etc.
Pilot workload cannot be measured as precisely as the other basic factors.
There are at lease three ways to measure workload:

o clinical (non-intrusive) measure of pilot biological factors such
as heart rate,

o sec¢ondary task performance,

o and pilot subjective opinion.

Although' researchers have examined clinical methods of measuring pilot
workload, they have not identified a precise way to enumerate changes in
physical and mental workload. Severe limitations afflict the use of secondary
task performance as workload indicators, because of the inability to create
- the actual flight ‘conditions, such as stresses. Qualititive pilot opinion {is
still the best method to gather workload measurement, '

Thus, civilian and military decision makers are placed in a quandry about

the amount of wefght to be given to each factor. If cost gets too high, it
can be the dominant factor, but it might be a very small factor 'if the cost is
reasonable. If the pilot workload 1is so high that it makes a systep

unuseable, then it might be the dominant factor. Unfortunately, the decision
about the weight to give each factor is normally much more difficult than’
these simple examples. '
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Any discussion of the development process demands an understanding of
"ianer loop" and "ouzer loop" design. The outer loop is the loop which |is
provided by the pilot. The inner loop is the actual vehicle or system ftself.
Analvsis of aircraft flying qualities provides an excellent definition of
"inner-loop" and “"outer-loop" response. One method of studving aircraft
flving qualities involves preparing a series of equations which describe the
svstem as sequential building blocks. For example, one eqjuation describes the
longitudinal aerodvnamics..of an ailrplane. That equation, used as one of the
builling blocks, is expressed by a LalPiace transfoum. Thus, for a specific
elavator deflection (input) and specific flight condition the response
(output) can be accurately predicted. (Fig 1):

S'_- elevator deflacsion

o

AS+B
)

N
CSZ+DS~E 3

4

Figure 1. AERODYNAMIC BLOCK DIAGRAM

All of the appropriate parameters of longitudinal. aircraft motion are
specified but cthe parameters of greatest interest are angle of attack ( ),
pitch rate (q), and load factor (Nz). In a like manner the flight control
system can be modeled with control stick deflection, as the input and elevator
deflection as the output. (Fig 2): ‘

'S., = control stick deflecticn :

5 | 5 al Se

AS+b - .

Figure 2. SERVO ACTUATOR BLOCK DIAGRAM
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In any modern airplane most output signals feed back, modifying the input

to provide additional control and stabilitvy augmentation.

signals are modified by filtering and be gain changes.
rate signal is normally "washed out"” with time.

These

diagram is thus developed. (Fig 3):
a
'—e{ PROT? [““3:::";1 A:noH
WASROUT x f::j..__
« e

LIAD

x ue
Figure 3. SIMPLIFIED INNER LOOP DIAGRAM

Bacause all of the parameters in each block are specified within
limits, any engineer can analyze system response,

response of the "inner-loop" diagram to standard inputs.

The pilot interface is not so easily defined.

The pilot

making possible

also

feedback
In addition, the pitch
A complete, simplified block

acceptable

system

senses

angle of attack, load factor, and pitch rate, so he establishes an outer loop
around the inner loop. (Fig 4):

. . .«
Nz
PILOT “INNER LOOP"
q I_&_
r;f
| []
S ? .
?
" v me "

Figure 4. OUTER LOOP DIAGRAM
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The characteristics of these "outer-loop" feedbacks are variable, Thevy vary

from pilot to pilot and from time to time. This added complexity prohibits
simple analysis of the total system response. Ground and flight simulations
offer some insights into the effect of this outer loop. The difficulty of

"outer loop" or toral svstem (i.e. pilot-in-the-loop) analwvsis i{s that pilots
are unique; each pilot will react in a different manner to the same stimulus.
In a properly structured test program there is a blend of inner-loop and
outer-loop testing.

There aras five development process steps which are essential because of
the shortcomings of our present analytical capabilities:

o Concep: - a new design or a modificatzion

o Engineering Analysis - preliminary "inner-loop” analvsis

) Ground Simulation - initial "outar-loop"” analysis in a high fidelity
ground simulator

o Inflight Simulation - additioral T"outer-loop™ analysis in an
inflight simulator

o Inflight test - actual vehicle or modification flight test

The develapment process is an iterative process of design, testing, redesign,

testing, redesign, etc. (Fig 3):

ENGINEERING
NALYSIS

| GROUND | :
- . SIMULATION

Figure 5. DEVELOPMENT PROCESS
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In manv programs, simrlation Is either not undertaken, or is undertaken too
late in the design process to be effective in identifying problems because

larze retrofit costs prevent changes late in the development process. If any
of these five essential steps are eliminated, the probability for mistakes
increases greatly. Each step has limitations, but the total process allows

the design to mature and be optimized for interface with the human operator.
It is the last three that provide the opportunity for pilot-in-the-loop
analysis.

MENTAL PRCCESS

As a part of the development process, aircraft developers assess both

wor<iload and performance. 8oth of these require "outer-loop" analysis. That
analvsis demands wuse of simulation and flight test. When simulation and
flight test are finished, data interprecation 1is complicated by the
uncertainty in how humans do skill tasks. Therefore, in order to use
simulator vresults in an educated way, developers and testers must understand
how humans do skill tasks. There {s a large gap between the laboratory
(academic world) and the aircraft design world on how humans do motor skill
tasks. Aircraft design can be optimized for the human operator only if that
Z2ap 1is closed; aircraft design must be accomplished with a thorough
understanding of how the human operator (pilot) accomplishes motor skill
tasks. Research in psychology can yield some valuable results in pilot
performance.

Brain Architecture

The brain 1is an extremely complicated mechanism and science 1is just
beginning to understand all of its functions. (Fig. 6)

The brain stem rises from the top of the spinal cord. In the brain stem
are two structures that together control breathing itself: one i{s the medulla
and the other is the pons. Breathing Is a prime example of a behavior that is

prewired in the brain. It does not have to be learned, or even consciously
willed, but continues semi-automatically. In front of che brain stem is the
pituitary gland which hangs from a stalk like a tiny fruic. It serves as one
of the main regulators of body chemistry and so powerfully affect behavior
that it is considédred part of the brain. Perched on the highest rear branch
of the brain stem is the cerebellum. It maintains the body'’s equilibrium and
coordinates muscles during fine movements. The brain stem and its associated

structures are practically hidden by two connected bodies, the cerebral
hemispheres.

- - L)
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Figure 7. CEREBRAL HEMISPHERES
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(Fig. 7): The thalahus, at the core of the hemispheres, 1is the control
switchboard between the spinal cord and the brain’s upper levels. Thea
hvoothalamus {s a complex center of emotions and drives; {t lies below the
thalamus, commanding the body's responses to stress. It sets off instinctive
behavior almed at self preservation; for example, warning of hunger and
thirst. [t triggers sexual activity. Most dramaticallyv, it generates intense
feeling of anger, fear, and even pleasure. The cortex lies in the crumpled
c¢overing of the «cearebral hemispheres. The cortex contains the centers
responsible for man’'s uniqueness: the capacity for language, cthe delicaza
motor control that makes possible the use of tools, the safety devices thas
marage built-in drives and emotions, and the interpretive swstems that enable
man to perceive himself and the world around him. The cortical folds create a
rugged topography of ridges and furrows. The furrows demarcate each
hemisphere into four separate lobes: occipital lobe at the back of the head,
parietal lobe, temporal lobe, and the frontal lobe. The back portion of the
frontal lobe 1is the motor cortex which is the command center for wvoluntary
movement and it is divided according to bodily topographv.

motor cortex |
cerecelium

A view of the left side of the brain shows
the motor cortex running across the top
of the brain. Muscular activity is
coordinated by the cerebellum, at the
bottom of the brain.

Figure 8. MOTOR CORTEX AND CEREBELLUM:

)
.

[ .
(Fig. 8): Three-fourths of the cortical terrain is uncharted. Somewhere in,
the labyrinths of the cortex lies man’'s attributes of thought, creativity, and.
love. Automatic reflexes account for only a few of the body’s nerve circuits.
Most muscle movements are voluntary; the individual consciously controls them
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through tracts of nerve pathways that extend from the brain through all
ra2zions of the body. The main tract descends directly from the wrinkled gray
matter at the very top of the brain, known as the motor cortex. Scientists
have mapped the circuitry of the motor cortex with astonishing precision.

The motor cortex does not control muscle movements all by itself. New
techniques £or probing beneath the surface of the brain have revealed that
other command centers work 'in tandem with the motor cortex.

Coordinating movements is the province of the cereballum. The cerebellum

is wired to the motor cortex, the basal ganglia, and to seusorv apparatus:
aves, ears, and especially the long nerves that alert the brain to every
movement a muscle makes; for example when a person reaches out to shaxe hands

with a friend, the cerebellum computes the relative position of the two hands
and automatically guldes the hand and adjusts its speed for-a smooth greeting.
Cf all the behavioral command centers, only the cerebellum has «circuits so

straighc-forward in their connections that scientists have traced in them what

an electronics engineer would recognize as a wiring diagram. The neurons are
arranged in precise patterns that repeat themselves over and over again like
printed circuits in a computer. The cerebellum is a recording machine that

tapes muscular actions involved in a complex and habitually used movement and
then plavs back entire sequences on command.

In trying out new skills for the first time, a person tends to think
through and consciously order each movement, a process which presumably takes
place in the higher brain centers. These consciously thought-out commands are
fed through the cerebellum; its circuits perceive the higher cerebral activity
and instantareously reproduce it, like the ballet student who mimics the steps
his teacher is demonstrating. In time the cerebellar circuits no longer have
to watch; they take over the precise coordination of the skilled movements, so
that the individual need not bother to think about the details anymore.
Thereafter, nerve cells in the motor cortex can simply switch on the
cerebellum’s play-back mechanism and get the same result--much as pushing the
button on a tape recorder plays back a song.

Skill Task Performance

Based , on the discussion of brain architecture, a general discussion of
motor skill tasWs in sports provides a good foundation prior to discussing
specific flying skill tasks, Performance of skill tasks in flight closely
parallels that of sports skill tasks such as tennis, basketball, skiing, or
riding a bicycle. Most of the mental work in all of these tasks is done on a
subconscious level, The subconscious work is done in one part of the brain
(cerebellum) and the conscious work is done in another part (motor cortex),
The foveal vision of the eye (the central vision or sharply focused vision) is
processed by the conscious part of the brain. The subconscious part of the
brain processes both the foveal and peripheral vision. The conscious part of
the brain performs the reasoning or analytical functions and it only does one
thing at a time. In essence it "time shares" various tasks and problems and
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takes some finite ameunt of time to accomplish each separate calculation,
decision, or analvsis. The subconscious mind, on the other hand, osponds to
informazion and gives out a large number of commands simultaneousl: it can
do many different functions at the same time. With these thoughts in mind, {t

is obvious that the key to all skill tasks is to do most of the work on the

subconscious level. In each separate skill task, the person must use the
correct wisual vreference and then accomplish a larze amount of practice to
establish a large data base in the subconscious mind. That practice process
can be referred to as "programming core" because of the obvious similarity
with digital computers. As previously discussed, the subconscious mind
(cerebellum) has such a good tape that all of the specific tasks can be
accomplished without monitoring or control from the conscious mind. Every

individual can recall driving a car down a highwavy for a considerable distance
while the conscious mind was occupied in daydreaming or conversation on an
unrelated subject.

That learning process of skill tasks has also been described in slightly
different works although the basic philosophy is the same. Learning a skill
involves three stages:

o Structuring (knowledge of basic principles)
o Accretion (acquisition of actual facts and structures of the skill)
o Tuning (acquiring automatic performance through repeated practice

and utilization)

In each separate skill task the sighting reference is critical. Firstly,
because of the strong tie between foveal vision and the conscious mind, the
conscious mind becomes occupied when the individual concentrates on the
sighting reference and that allows the subconscious mind to do most of the
task. .Secondly, in every skill task the brain needs some visual reference as
a foundation from which to make adjustments. In tennis, the great player
watches the ball so intently that he can actually see the seams. In
basketball, the great player with the consistent jump shot always focuses
instinctively on some specific part of the basket. The great hitters in
baseball watch the ball so intently that they can actually see the spin of the
ball ' ‘

)

It 1is imperative that the majority of mental work be on a subconscious.

level: When the individual elevates parts of a task to the conscious level,
he invariably slows down in his performance as exemplified by typists and
planists. as well as in sports. An outstanding player is an individual who

has  supreme confidence in himself and in his coach so that he leaves most of
the task on the subconscious level. If the coach tells him to do somethlng in

a specific way, then he practices until he has "programmed" the specific parts’
of the task on the subconscious level. When this individual is asked how he’

does a task, he tends to answer by saying that he does what comes naturally
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("Jdo whatever {t takes"y-. There are some good plavers who try to dig {nto all
the separate parts of a task, and by doing this, thev elevate each part of the
task to the conscious level. Thev can attain some high performarce level but
they never quite become the greatest. They are just a little bit slower than
the "natural athlete" which was described first. This second individual
bacomes the really great coach even though he was never the best of his field
as a piaver. This fact is logical because the natural athlete newver did study
the intricacies of a task while the good coach has studied each task in
exhaustive, thorough, comprehensive detail and can, therefore, teach others.
37 elevating the task to the conscious level, he understood it better, but he
also prevented himself from being absolutely great. When a coach who has
studied tasks in detail teaches his players, he speaks from a sound foundation
in fundamentals and urges them to master the proper skills. As his advice
leads them to success, the plavers gain confidence in themselves and their
coach and, subsequently 1leave most skill tasks on the subconscious level.
From this confidence in the coach, team, and self, athletic winning traditions
are established. Teams win because they think thev will win; teams lose
because  thev think they will lose. As stated in a book titled Maximun
Performance "Think when vou need to, and do when you need to, but make it a
rule to keep vour thinking and doing separate."

In all of these skill tasks it {s very important that the mind and the
body be 1in tune. The inner self and outer self must be in harmony;
3oth the phvsical self and the mental self must be relaxed but alert.

Specific Flying Skill Tasks

Just as in all sports, there are parts of the flying task which require
skill while some things involve brute force. A pilot must use all of the cues
available and he must have a good visual cue. When landing an airplane or
accomplishing air to air tracking, the pilot must practice those tasks several
times to “"program core." The conscious mind "time shares" 1its tasks;
therefore, it becomes important to establish some priority of things that need
to be consciously monitored or checked. Hence the standard instrument cross
check becomes very important to flying good instruments. Checking two or more
instruments requires rapid switching between the different instruments. The
conscious mind/foveal vision spend most of its time on the primary visual cue
(attitude indicatdr). Other parameters are reviewed on a time-sharing basis:,
altitude, airspeed, position, engine parameters, vertical velocity, etc.
Conscious and subconscious tasks are occuring simultaneously; the checking of
individual aircraft instruments is a series of conscious level tasks while the

actual moving of the stick is a subconscious task. The human is a serial
processor for cognitive (conscious) level tasks, so the conscious level tasks
must be organized into an efficient pattern or sequence. A good, Iinstrumeng
pilot has a highly organized, methodical instrument cross check.. ' The check

becomes (Fig 9):
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STANDARD INSTRUMENT CROSS CHECK

Figure 9.
The key to air-to-air gunnery is also obvious. Eves focus primarily on
the target. The subconscious mind does most of the work. "Time share"” the
conscious level tasks in the proper sequence: radar lock-on, getting in the

target’'s turning plane, starting the pipper drifting towards the target,
accomplishing fine tracking, and shooting at the right time. The pilot should

be physically and mentally relaxed but alert. If he believes he can hit the .

target, he will hit the target. Of course, all of this assumes that the
gunsight is accdrate. The development community needs to have a deep
understanding -of how the pilot does the skill task of air to air gunnery Iin
order to both buy and train better. The Air Force needs to purchase equipment
that can guarantee a high probability of a kill, and then provide adequate
crew training so that the pilot can "program core.” One or two shots per year
at a towed target is inadequate to yield a highly capable "gunslinger". "

. . ’
There are times when all of these facts will help the pilot: to fly an

airplane better but it may not kill him if he forgets them. At other times
however, pilots place themselves in situations where the the smallest mistake -
can kill thenm: air to ground gunnery, air to air combat, or aerial
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demonstrations. In a~demomstration, the pilot is flying extremely close to
the ground and a mistaxke might kill him; it becomes very important to
determine what parameters will kill him and what parameters will simplv  makae
the demonstration look a little less impressive. For each maneuver, the pilot
must establish a priority list of parameters that need to be checked. Most of
the flving task has been given to the subconscious mind while the <conscious
mind  foouses on the corract

sighting reference (aircraft at:zictude primarily)
and time-shares c¢hecking other parameters based on the prioricy lisc
established before flight. ~ If the pilot "programs core" by practicing the
demcnstration several times, the demonstration can be made very safe. The

same statements can be made about air to ground gunnery or air to air combat.

There can be many distractions which disturb the established routine.
Anvthing rthat 1is external to the normal thought process may get elevated to
the conscious level because “core" doesn’'t know what to do about this
*urprograrmed event”. Remember that the conscious mind does only one thing at
a  time (it "time shares" separate tasks) and that the normal parameter check
sequence can be broken by an unprogrammed event. If one of those parameters
that the pilot misses because of the disturbance is a critical parameter, then
‘that disturbance might kill him.

In addition to external distractions, there are internal distractions.
£ the mind is occupied with something other than flying the airplane, then
he pilot might miss a critical parameter. It is extremely important to
cieanse the mind of all distractions. Most pilots will do this by going into
isolation for a period of time prior to their demonstration. By mentally
reviewing each maneuver and mentally flying the demonstration, then the pilot
can cleanse his mind of other events which might cause a fatal distraction.
All demonstration pilots should instruct their support crew and friends about
the effect of a mental distraction. The ground crew should not bring problems
to the pilot when he is in his airshow preparation. The pilot should know the
possible fatal impact of mental distractions and should cleanse his mind of
any last minute problems before he goes to fly the airshow. For example, any
demonstration pilot 1is "tickling the bear" if he stays in the hospitality
suite until just before his flight. Such overconfidence leads to filling the
conscious mind with unneeded thoughts to the exclusion of safety critical
cross checks. Many demonstration fatalities could have been avoided by
following this chécklist:

I
z

1]

1. Prepare the demonstration and establish a parameter priority 1list
for each maneuver.

2. Practice until "core" has been adequately "programmed” to give @
safe demonstration. Do not change the show at the Jlast minute
without practice. o

- 4

3. Go into isolation before the demonstration to cleanse the mind of

extraneous distractions.
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Thus,

[N

Ger both the inrer self and the outer self (mental and physical)
relaxed but alert.

Do not allow external or intermal distractions to disturb the

conscious mind in its established parameter check sequence. The
"urprogrammed event" can be a killer.

in summation, human skill tasks are learned through a process which

seems to be consistent whether the skill task is flying an airplane or hitting

a baseball. Several aspects of this process are:

1. The mind works on two levels: conscious and subconscious: The
conscious mind does only one task at time while the subconscious
mind accomplishes many tasks simultareously. The conscious mind
time shares. Every event which happens to you is stored in the
subconscious. Skill tasks are accomplished best when the task |{is

done at the subconscious level.

Tie between Foveal vision and conscious: The strong tie between
foveal vision and the conscious mind is important because it
establishes the necessity to have a good visual cue in each skill
task: "watch the ball", "watch the rim", "stare at the target".
Subconscious hand-eye coordination is developed in this way.

Proper visual cue and practice is the kev to skill task performance:
The key to skill task performance {s to use the proper visual cue(s)
and then to practice a great deal to get a good data base in the
subconscious mind ("program core™). Of all the cues that are used
to accomplish a skill task, the visual cue is by far the most
important. Probably 90 percent of all cues for doing skill tasks
are visual cues.

Each pilot has a unique style: It is extremely important to
understand that each pilot is unique. Traditionally, we have tended ,

‘to look for the standard pilot or the great -pilot. He doesn’t

exist. ! "The world's ‘greatest fighter pilot™ only exists at the
Officers’ Club Bar.

Inner self and outer self must be in harmony: The pilot’s physical
self and mental self must be relaxed but alert.




[mpacs of the Human on %he Desi{gn Process

Based on an understanding of the design process and an understanding of
the mental process for accomplishment of motor skill tasks, it is possible to

assess the 1impact of the human on the design process. Two questions are
covious. what desizn considerations should be made in order to accommodate
the human operator? What limitations on the design process arise from the

numan as a tester?

No two pilots are exactly alike. Although pilots displavy strong
similarities in flying techniques, each pilot is unigue. This consideration
leads to four conclusions: -

rst. several pilots must be used for anv evaluation which attempts to
maxe objective data out of subjective pilot opinion. Four pilots normally

ejuate cross section. 'Attempts to use more than eight pilots become
cunbersome. Large numbers of pilots give more contidence in the results
because of the large sample size, but the evaluation process becomes too
tengthy, and it hecomes ditfficult to get pure pilot opinion.

Second, there will be differences of opinion during any evaluation. This
does not imply that one pilot is right and the other is wrong. It becomes
necessary, then, to design flying qualities that no single pilot finds
unacceptable. The flying qualities of the final "best" configuration are
those that are most acceptable to the entire group. There is an old saying
which is appropriate given the ambitious flight test schedules, cost overruns,
and limited funds of the present day: "Better is the eremy of good enough."
Evaluators must be conscientious but they cannot ignore the schedule and
dollar constraints that are real problems to the System Program Office and the

contractor. When the collective opinion says that a configuration is "good
enough", then the testers have an obligation to stop trying to make it
"better".

Thicd, the engineer has an almost impossible task trying to quantify
subjective pilot opinfion. In many cases, pilot opinion varies over the entire

spectrum from fantastic to unsafe. Thls problem can be overcome in two ways:

T e ) ; .y . .
o Define evaluation tasks so that all pilots are doing the same thing.,
This 1is not always successful because some pilots insist on doing

things their own way. Other pilots do not do all assigned tasks

because they find them difficult, or they feel that the task does
not have any personal relevance. .

.
- - L]

o After flying each modification, all pilots meet to discuss their

results. Pilots are asked to present and justify their ratings.
Differences of opinion are resolved in a way that 1is clear to
everyone. This would not happen if pilot ratings were simply given

to the engineers. The communication of ideas in these meetings is
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very enlightetting. Pilots need to do exactly the same task in order
to allow meaningful comparison of pllot ratings. Fven with  these
measures, there are misunderstandings because pilots are not talking
about identical tasks. One pilot might be commenting on an approach
while the other pilot i{s commenting on a landing.

Finallv, the worid to others is not the same as we see it. The objective
i3 to design flving machines that are the optimum for evervone. We must pay
particular attention when anv pilot savs that something is unusable or unsafe.
we must also be deeply concerned whenever we encounter a wide range of pilot
opinion. When this disparity occurs, the design under consideration is not

aptlmum,

Since most of any skill task Is accomplished on the subconscious  Level,
cial efforts will be required to obtain meaningtul pilot opinions. Each
t will have a different opinion so the optimum design will be the design

thev all find acceptable. Because the skill task is accomplished
primarily on the subconscious level, the pilots will not always be able to
explain why they prefer one configuration over another. Some engineers will
want to say that pilots do not know what they are talking about--the truth |is
that most non-flying engineers don’'t understand the human side of
pilot/vehicle interface.

If a new piece of avionics equipment requires the pilot to interact with
it on the conscious level, his workload has gone wup. The increase in
performance might justify the increase in workload. Cn the other hand, the
increase in workload might prevent the pilot from using the equipment during
high workload flight conditions because the conscious mind does only one thing
at a time. When the pilot focuses his attention on a demanding function, such
as locking onto an enemy target with the radar or analyzing information on the
radar warning receiver, he may lose track of others. The conscious mind acts
very rapidly, but is still "time shares". Cockpit design and avionics
development require a good understanding of the human operator.

The requirement for high fidelity, ground simulation with an excellent
visual scene is obvious. The visual scene should be wrap-around so that the
pilot 1is ,provided both foveal and peripheral cues. Any major development
program of a syseem which uses a human operator should have access to a high
fidelity ground simulator. Simulation can also be a supplement to flight
training in new, increasingly complex aircraft. Young crew members need to
"program core” so that actions can be done quickly. Actual combat should not
constitute their initial exposure to the threat.
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.- CONCLUSTON

In conclusion, it is obvious that the highly technical alrplanes of today
ara limited by the performance capability of the pilot. The human has an
immense potential to remember, analyze, and act, but he accomplishes skill
tasks in a certain, specific pattern. The human pilot is a serial processor
for coznitive thought ard requires appreciable time for action. When trained
proparly, the human operator does most of the flying skil task on the
subconscious level and he does many tasks simultareously. The pilot has
‘limitations in his ability to deal with unprogrammed events. To optimize the
desizn of new systems, the engineer must consider the human in the development
process. The aircraft industry is exploding with new ideas, such as:

Flight in Six Independent Degrees of Freedom
Unconventional Controls

Mulci-purpose Displavs

Voice Command

Helmet-mounted Sipht

[ntegrated Fire and Flight Control

Wide Field of View HUD

Task-tailored Control Modes

High 'g*' Cockpit

Sidekick Controllers

C 00 0O 0 G O 0 0 O

All of these new technologies must be evaluated and perfected. We need to
communicate with the pilot in new and innovative ways such as voice and color,
to name just two. We need to incorporate state estimators to determine when
to display what pilece of data. If the design process is not done properly,
then there will be some expensive failures.

-All pilots must understand that there are two kinds of limitations of a
weapon system: hardware and human. The aircraft has definite 1limits of
performance and maneuverability. Each pilot must know his own unique
limitations and must know that his personal limitations vary from day to day.
Commanders must fully appreciate the requirement for practice and proficiency
when they ask their pilots to perform high workload tasks such as air to

ground gupnery, air to air combat, or aerial demonstrations. Flying high-
speed aircraft 1is a high-risk business; each pilot needs to be given the

maximum chance of survival. Each pilot should understand how the mind works
in order to maximize his own personal, unique capability. ‘

The flight test community is limited in many ways so it is critical that
we provide good pilot-vehicle analysis early in the design process. We are: .

»
| . hd

o Time limited--only so many hours in the day. .

o People 1limited--a finite number of engineers and testers limits the
ability to look at every possible new idea.
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) Dollar limized--we cannot afford to flight test all of the different
design options available to us.

Because of these real limitations we must:

t-aircraft system at an early point in the design

o Study the pilo
process through realistic tests in order to gLve good total svstem
performance.

o Prioritize the data displayed to the pilot because of the wide range

of data available for display.

o Provide meaningful workload and performance data for decision makers
early in the design process. '

o Develop svstems which accommocdate individual pilot differernces.

The penalties for not considering the human operator in aircraft design

will always be with wus. As " technological sophistication grows, these
penalties become increasingly unacceptable. If the complexity of aircraft and
electronic warfare continues to increase, the human will have increasing

difficulty in accomplishing his mission. The time is now if we are to reverse
what has already become a disturbing aspect to defense acquisition and
utilization of high performance aircrafrc.

Editor's Note: Concerning the concept of time-sharing, a work is in order
regarding the mind’s notion of time, or of the passage of time. Our notion of
the passage of time is quite variable. Though the time to accomplish some

over-learned task (or subconsciously core programmed task) is fairly
consistent, the time to perform some relatively new task may be prolonged, and
generally takes longer than one realizes. Among the variables affecting one’s
time sense are mental work, emotions, alertness and visual inputs, such as the
pattern of flow 1in the peripheral visual fields. Thus, if one |is
concentrating intently on something, pressed, stressed, or otherwise fatigued,
it's safer to assume that time flies, that things take longer than one thinks,

especially if one is head-down so that the ambient visual mode is not updated
or stimulated by the pattern of flow. ,
It is important therefore, to provide the pilot his critical aircraft control
parameters (such as attitude, airspeed, altitude, and vertical velocity) as
well as thelr trends, in a format that i{s instantly recognizable and that
requires minimal expenditure of focal mode attentional resources. The 1idea]

) .
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display 1is one that de doesn’t even have to look at - that provides him the
information he needs out of the corner of his eye or through other non-focal
mode routes, such as hearing or proprioception. The present trend in the PVI
is, however, to bvpass the enormous information processing potential of these
ther routes and thrust it all upon the focal mode, thus tending to overload

(oI

[oN

Aldendum: The following arz points made by Col Milam in his remarks that were
not in his paper.

o Longitudinal aircraft control:

- Can se= the pitch rate if you have a long nose
- Can see the ACA, if you're looking at AOA gauge
- Can feel the G's

o Human performance is a function of many factors including selection,
training, and experience - and is subject to a fatiguing function. Human
is adaptive and competitive in the simulator, if you think Joe Bill
Dryden 1is going to beat me, you're crazy; and he feels the same.

Successive decomposition: you prioritize and will overlook things.

o Workload: There's no good measure - must ask him - use Cooper/Bob Harper
ratings. Fred Hoerner noted that when he gets busv, the first thing a
pilot does is stop talking to you.

o Perilous attitudes - macho, anti-authority, impulsivity - I'm all of
those.
o Memory - flash, short-term, 1long-term - no relation to IQ. Watching

someone who's pgood and you can learn to mimic, to program your own
cerebellum by repetition.

o Training: Throw your boy a ball first fime; hits him in the chest.
"Boy, that’'s great". Keep building his confidence until pretty soon he
does catch it. Success keeps building his confidence. He becomes the
natural athlete. But can he coach?  Never. Those who think about it
become studehts of it.

3

o The super pilot doesn’t think about what he does, or how he does it. He
just does it. Keep your thinking and doing separate. The best way to
screw him up is to get him thinking about it. Works great for

__ _ gamesmanship at golf. Ask your opponent, "Boy, how do you do so well?q!
Nothing will screw him up more than getting him thinking aboyt it. .

3
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Self-confidence and concentration are reallw critical. Keep an eve on
that ball - go in there with the attitude to win. Need state at that
ball/rim (in basketball) for aiming reference. Conscious mind stares -
sighting reference is critical. Zen vs. choaking up: If conscious mind
i{s relaxed but alert, the body is also. There's a strong connection
between the mind and the body.

Learning: Wwe learn by the rules, then forgat the book. After 1,0C0
hours, wno needs it? We learn not by logic but by comparison.

Instruments: We stare at the ADI. A good instrument pilot has a highly
methodical well-developed cross check, aided and abetted by the "Standard
T". The same on the HUD plus a FPM, which like, others dislike.

Foveal vision - vour conscious mind - your desceptive. It's a series of
conscious level tasks. By shooting the DART with a Lead Computing
Optical Sight (LCOS). Relax, let the pipper drift up.

Aerial Demo: Dangerous. Kills many good pilots. Operating close to the
ground, there’'s no margin for error. Altitude is not critical: airspeed
is. An unprogrammed event can be a killer - if you allow yourself to-
become distracted, you may never pick it up again. Altitude with the
Paris A-10; pull wizh the Thunderbird T-38's. Need to program core: hit
that tennis ball 100,000 times. Go sit in the Aircraft and mentally fly
that airchow routine. Get mind and body relaxed. Let no unprogrammed
event distract you. Only with practice can you learn - to learn to fly
aircraft you must fly aircraft. Visualization and simulators both
contribute to learning. Practice and proficiency is very important.
Commander's responsibilities are that:

1. Individual is well-trained.
2. Individual is ready to fly.

Proper visual cues

HUD: is it optimized? Should it be individually/uniquely programmable?
i ) . .
Pilots are unique: need 5 to 8 pilots to get good breadth of opinion.
I1f over eight, force of personality tends to dominate the group. If less
than five, have insufficient breadth.

Engineer has a difficult task: what 1s great to one pilot may be rotten
to another. How do you put those on a Bode Plot? : )

[ *
Displays: need design aircraft so he can go heads up safely, or if he’
prefers, so he can go heads down safely,. So his has that option: -
especially with attitude.
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Edizor’'s Note: Since the pilot spends so much time dwelling on the ADI, it
would be ideal to provide him an attitude displav he didn’t need to stare at.
The Peripheral Vision Horizon Display (AKA Malcolm Horizon) Is designed to da
Just that: enable processing of attitude information by the ambient mode
(ratural orientation channel, while freeing up the focal mode for tasks
requiring conscious attention.)

¢
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regular Air Force in 1973.
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Research contract with the Flight Dynamics Laboratory 1974-1981.
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a number of KC-135 and F-16 C/D cockpit intergration and simulation
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o TFT 8,000 hours - T-33, F-86 Dog, T-39, C-118.

Introduction

There has been increasing concern, in recent years, that there may be a
situation awareness problem in modern and emerging fighter aircraft. Evidence
of this concern is reflected in a 1980 review of possible pilot disorientation
caused by the Head-Up Display (HUD) in F-15 aircraft, the convening of a HUD
Instrument Conference at Langley AFB in June, 1983 and at least two recent
instrument flight related F-16 incidents.

We 1in Midwest Systems.Research, Inc., with over 80 years of combined
experience in instrument instruction, operational flying, control and display
design and instrument systems test and evaluation, share in that concern.

During the last three years our personnel have participated in a variety
of LANTIRN and F-16 C/D simulator evaluations ranging from the original HUD
symbologv and mechanization studies for the LANTIRN A-10 and F-16 to the most
recent F-16 Block 25B through 30G integration projects. During this time we
have been 1in a position to "fly" the simulators in a wide variety of visual
and instrument flight maneuvers, train pilots in system mechanization and

operating procedures, and observe current crew members in the operation of
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"their aircraft.” As a result of these experiences, we have identified a
number of areas that we consider to be problems or potential problems in the
safe and efficient operation of the aircraft. The F-16 1is referred to
throughout this paper because it has been the focal point of most of our work.
This is not to imply that the issues apply only to the F-16; on the contrary,
many of the same problems apply equally to other weapons systems such as the
F-15, F/A-18, the C-17, and HH-60D.

A wide range of new technology is being introduced in the cockpits of new
and emerging aircraft. Cockpits have become computerized; flight and
navigation information is being presented in computer generated graphics; and
classical electromechanical controls and displays are being replaced by
electronic multi-functional devices.

Our primary area of concern focuses on the quality of these modern
controls and displays as they pertain to keeping the pilot informed of his
flight sictuation. In the following paragraphs we will try to discuss them in
detail, pointing out the good and bad features, as we view them.

To -establish a baseline, we have included a brief discussion of
developments in instrument flight from about 1940 through current Flight
Director applications. This has been done to stress the fact that todayv's
conventional displays have evolved from years of careful manipulation of a
controlled set of information that has been displayed and used in a pilot's
control strategy. Each development (of any real significance) represents a
substantive increase in precision and safety accompanied by a similar
reduction in pilot workload. The attitude indicator, for example, made
instrument flight easier. Similar improvements resulted from the integration
of performance and navigation information in the HSI, as did the addition of
Flight Director Steering commands on the ADI. These are examples of cases
where more innformation was better. On the other hand, we believe we can show
clearly that the integration and addition of HUD and other graphic display
symbology can result in less precision and safety along with greatly increased
pilot workload in several mission applications.

HUD in Instrument Flight

Early Developments

Instrument flying (Blind Flight) was made possible by the development and
use of the gvro and, more specifically, the turn needle. It is well known
.that the human loses spatial orientation quickly in an aircraft without some
outside references to keep several of his senses in line. In a cloud, a turn
needle allowed the pilot to hold the aircraft in straight flight or in a
controlled turn. This capability was enthusiastically welcomed by pilots
because they discovered that they were finding the ground more often on
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purpose now than by mistake as had been the case in the past. Used properly,
instrument flight time could be logged with much less excitement and longevity
was increased by several orders of magnitude.

Needle Ball and Airspeed

There were two schools of thought on how the turn needle should be wused,
One advocated centering the needle with the rudders and the ball with the
stick while the other stressed centering the ball with the rudders and the
needle with the stick. Happily, both worked. The first procedure worked best
in a spin recovery, the other in coordinating flight and the control process
thereby preventing spins. :

Procedures and techniques were developed to allow flight for short
periods of time such as might be required for climb or descent through a cloud
layer. Pilots could set power for a climb or descent, then, after assuring
straight flight, use the stick to control pitch so that he held the proper
climb or descent airspeed. 1t was about this time that people discovered some
techniques that made "attitude" control easier without an attitude indicator.
Altitude, airspeed, and vertical velocity movement reverses direction each

time the nose of an aircraft passes through the horizon. Knowing this, the
pilot could prevent large pitch excursions and control altitude and constant
rate climbs and descents much more precisely. Instrument scan (or cross-

check) was difficult at best and complicated by any turbulent flight
conditions.

Later, these techniques were refined further, to the extent that, in
relatively smooth air, an entire mission could be flown from takeoff to
landing using these instrument procedures. The pilot could establish straight
flight by centering the turn needle (bank control) then establishing 1level
flight (or a constant rate climb or descent) by referring to the altimeter and
vertical velocity indicator (pitch control). The airspeed indicator was used
to determine power requirements. This "needle, ball and airspeed" method was
used into the early 1950s even after early "artificial horizons" began
appearing in the cockpit. During that time, Ocker, Crane, Duckworth, and
others who understood and, 1in fact, developed many of these early procedures,
were constantly working on displays and procedures that would make instrument
flight safer and easier.

Primary Instrument System

In the 1950s, artificial horizons became more reliable and pilots began
to use them more. Still, the performance displavs remained as the basis for
control. In this approach, three "primary" displays were used for pitch
control, bank control, and power control for -executing the instrument
maneuvers which make up any mission.
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In level flight, the altimeter was primary for pitch control, heading
primary for bank control and airspeed primary for power control. In a
constant airspeed climb or descent, alrspeed was primary for pitch, heading
for bank and the tachometer primary for power, etc. Actually, remembering
what was primary for what in each maneuver was more difficult to 1learn (and
teach) ' that flying the airplane. It did show, however, the reluctance to
drastically change control and display concepts until a proven better method
was available.

The attitude indicator became more popular during this time as
reliability improved and displays such as the J-8, self-contained attitude
indicator, were found to continue to operate reasonably well even after

dvnamic maneuvering. Precission rates in these displays were quite high, but
with practice and a little understanding it would provide a stable reference
from which corrections could be made quite easily. In the late 1950s and

early 1960s, Attitude Instrument Flying procedures were developed and have
been in use since then.

Attitude Instrument Flying

In 1940 the SAE (Society of Automotive Engineers) recommended a standard

set of flight instruments. Their arrangement (basic six) was accepted for
both military and c¢ivil use and specified in the HIAD (Handbook of
Instructions for Aircraft Design). This arrangement, with some modification,
remained as a specification until the middle 60s. One tried and tested

configuration of the basic six is shown below (Fig 1).

Figure 1: Basic Six Instrument Arrangement
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In the early 40s, Sigfried Knemeyer, then in Germany, had the foresight
and unique understanding of control and display concepts to recommend
installation of the attitude indicator at the center of the instrument group.
Later (1947-1948) at Wright Field, he was at the forefront of Flight Director
development, and again recommended moving beyond the "basic six" arrangement.
There weré two basic Flight Director configurations, one using standard round
dials and another using vertical scale instruments. These arrangements are

shown in Figure 2.
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Figure 2: Flight Director Configurations

Introduction of Flight Director steering was, in early systems, limited
to ILS pitch and bank steering for final approach and landing. A manual
heading command was also available. Later, features such as rotation and go-
around, altitude hold and VOR/TACAN steering were added.

Primary strengths in the Flight Director arrangement (in addition to
command steering) were: 1) ADI size was increased to 5" and it was placed at
the center of the instrument scan; 2) heading, bearirng, and course deviation
information was integrated into a single, and larger, HSI; and 3) the number
of instruments required for aircraft control and navigation was reduced from 7
to 8 to 5. A big plus for the vertical scale configuration was the fact that
there was only one logical way to put the system in the cockpit-
standardization by design.

By this time more production aircraft had newer more reliable attitude
displays that would operate well in a wide range of nmaneuvers. The 3-axis
gyro platform, for example, allowed full freedom of maneuvering without
"tumbling", "controlled precession" or the introduction of large errors.
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Attitude instrument flying is very similar to the way a pilot flies; and
thinks, 1in visual flight conditions. Cockpit displays are divided into four
groups; control, performance, navigation and steering.

Control Instruments. The attitude indicator and power displays provide
information for control inputs.

Performance Instruments. Airspeed, altitude, heading, vertical velocity,
and angle-of-attack show aircraft performance.

Navigation Instruments. Bearing, distance, and course deviation displays
provide position and situation information.

Steering Instruments. Flight Director computations provide commanded
attitude and performance of a limited set of maneuvers such as rotation
and go-around, ILS approaches and VOR/TACAN navigation.

Today, a pilot established an aircraft attitude and power setting that he
knows, from visual flight, will approximate what he wants to do. He does this
by reference ot the control instruments. Next, he scans performance displays
to see if performance is what it should be. If discrepancies exist, he makes
appropriate changes on the control set and, again, checks performance to
verify that changes in attitude or power had the proper effect. This is a
continuous process in maneuvering flight, made relatively simple by ctrimming
the aircraft properly and maintaining a reasonable degree of proficiency.

Once the pilot has the aircraft under control and desired performance has
been achieved, he refers to navigation displays to determine where he is and
where he wants to be. When corrections are indicated by the mnavigation
displays it’'s back to the control and performance instruments to make the
changes. 4

The final category, command steering, combines signals from the control
group (attitude), the performance group (heading) and the navigation group
(course error, course deviation, glideslope deviation, etc.) and performs
essentially the same integration of information as the pilot. Specific
information needs vary with the various operating modes. Steering commands
make the control task much easier by limiting pitch and bank changes to a set
of limits consistent with the amount of deviation (stabilize the aircraft) and
by performing one or more levels of calculation previously required of the
pilot. He can follow the commands and watch the system work, effectively
cross-checking steering quality, while monitoring attitude and heading, etc.
to see that all parts of the system are responding properly.

By the middle 1960s, wvirtually all military aircraft in production were

equipped either with a resonably standard set of "round dial" instruments, a
Flight Director System or the Integrated Flight Instrument System (Flight

2-1-6




Director and Vertical Scale Instruments). With these systems, a standard
approach could be taken in training and in operational applications. Pilots
could transition from one display configuration to another with relative ease
because display parameters were used the same way in all three configurations.

There were, apparently at least, some very significant changes in the
perceived importance of proficiency and instrument training in the 1970s. The
fuel crunch and increasing flying hour costs led to a reduction in instrument
flight hours 1in pilot training. Proficiency flying for "behind-the-line"
pilots was virtually eliminated, and in 1978, the Instrument Flight Center
(previously the Instrument Pilot Instructor School) was closed as an economy
measure ending 35 years of support to the Air Force. Until this time, the IFC.
served as the Air Force focal point for instrument training, flight procedures
development, and instrument systems evaluation and testing. The combined
effects of these actions reduced total flving hours and focused attention on
weapons delivery aspects of the Air Force Mission. Ripple effects reached the
R&D community where programs that did not address bombs or bullets on target
were put in file thirteen. These actions were not only unfortunate but also
very untimely because they were taken just as the gun/bombsight became a head
up display, cockpits were computerized and the glass cockpit emerged. To add
further complexity, the Air Force make a frontal attack on the night, in and
under the weather, air-to-ground mission with LANTIRN; a mission that requires
a new form of instrument flight in a very different environment. As a result,
we feel that there exists a five to seven year void in serious consideration
of the instrument flight aspects of a near revolution in cockpit control and
display design. Actually, many of these changes have evolved because
technology allowed (sometimes required) it to happen. In our opinion, changes
of this magnitude should be driven by the mission and pllot information and
control needs to accomplish the mission.

Recent Developments

The following paragraphs will address specific issues in existing and
emerging cockpits and Optldtlng procedures.

Situation Awareness

The term situation awareness is relatively new and used primarily in the
fighter would to describe the wide range of conditions that lead to successful
and safe mission accomplishment. Loss of an aircraft because the pilot
becomes spatially disoriented is often attributed to his loss of situation
awareness.




It seems that a very generic term has evolved to describe several pieces
of an overall mission scenario. Pieces of the situation awareness picture
include location of a wingman, target or IP location; cloud ceiling,
visibility, the threat, aircraft attitude, engine condition, speed, TOT,
altitude and a wide range of others. Of primary importance, however, is the
attitutde and performance of the pilot’s own airplane. Unless he is confident
of exactly what his aircraft is doing, the other pieces of the awareness
picture are meaningless. Actually, all of the relavent parts of the situation
awarenss picture can be placed on a list; one that changes almost constantly.
The pilot’'s job is to prioritize items on the list in the dynamics of the
environment in which he operates. While many items (oil pressure, target
identification, INS update) range from near the top to the bottom of the list
during any given mission, flying the airplane is always on top. This fact, we
believe, needs to be clearly understood not only by pilots, but by display
systems and aircraft designers as well. Given the opportunity to do so, we
would remove aircraft control and performance from the situation awareness
description and place it on a level of importance with all that remains.

New Missions and Displays

Advancements in weapons, sensors, integration techniques and computer
power make 1t possible to perform old missions with greater precision and
efficiency and, at the same time, open the door to the potential for new
applications. The AMRAAM, for example, will lead to some interesting changes
in Air-to-Air operations while LANTIRN integrations is of special interest
because night, single seat in and under the weather interdiction and low level

operation in this environment is new. Because it is new, a close  1look at
potential and implied instrument flight related problems might reveal a few
than can be addressed before they are encountered operationally. Some of

these are discussed below along with candidate solutions.

‘Attitude Displays

As electromechanical attitude displays evolved, the range of attitude
shown at any given time increased from 20-30 degrees of pitch attitude and 40-
80 degree of roll to the 5" ADI that is, in fact, all attitude and displays
approximately 100 degrees of pitch, 360 degrees of roll and, in the F-4 3 axis

ADI, over 100 degree of heading information. This expansion occurred in a
period when designers were trving to expand the envelope in which a pilot
could operate an aircraft in 1limited visibility conditions. One early
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attitude indicator, shown in Figure 3, probably operated in the + - 10 - to 20
degrees of pitch range.

Figure 3: Early Attitude Indicator

Demands of the transition to jet powered aircraft’ with much wider
operating envelopes and continuing improvement in gyroscopic instrument design

led to newer displays like the J-8 shown in figure 4. With this instrument,
pilots could roll through 360 degrees without fear of the instrument
“tumbling.” A mechanical horizon bar, somewhat wunorthodox by today's

standards, moved vertically through 27 degrees of pitch (+ - 13.5 degrees from
level flight.

Figure 4: J-8 Attitude Indicator
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The dead-down instrument systems in emerging cockpits are designed . such
that the pilot is driven to the HUD for at least part of his cross-check. The
problem with this is that the HUD is designed around inertial path angle, not
attitude, and during periods of poor visibility he must rely on a performance
display for pitch attitude control. Primary areas of concern are that, unlike
the ADI, the point of reference (FPM) in the HUD mover wvertically over
slightly more than half of the HUD surface as a function of angle of attack
"(AOA), the ability of the pilot to determine pitch and bank attitude
accurately is limited and deteriorates with increasing AOA, and the utility of
the display is very energy dependent, 1i.e., at high ACA the FFM can reach the
HUD FOV limit and become essentially useless. '

Another feature that is lacking in the F-16 and, most of the time, in the
FA-18 HUD 1is a miniature aircraft symbol. In order for the HUD to show
atcitude, the symbol should be placed in a position on the HUD to represent an
extention of the Fuselage Reference Line (FRL). while the ability of current
HCDs 1is 1limited in this regard, the addition of this symbol, at 1least in
several appropriate operating modes, would enhance the pilots ability to
control alircraft pitch attitude. Some applicable maneuvers include:

1. Takeoff at night or in limited visibility.
2. Initial climb (as path.angle is stabilizing).
3. Missed Approach.

4. Other maneuvers as the pilot sees fit at speeds close to or  above
normal cruise.

Pitch changes wusing this display were made in bar widths with one bar
width equal to approximately one degree. When the horizon bar reached the
upper or lower limit the aircraft would, 1in a loop for example, continue to
fly around a kidney shaped portion of a sphere until a circle (white up, black
down) with the words climb or dive appeared. At 85 degrees-90 degrees of
pitch, the display would rotate 180 degrees allowing the pilot to continue
another 180 degrees of pitch change before it again rotated to allow a return
to level flight.

Procedures for unusual attitude recoveries using the J-8 were somewhat
mechanical but effective. The bank pointer allows pointed up (skv pointer)

and when they were in separate halves, the nose was high.

The MM-Series of attitude indicators eliminated the horizon bar,
displaved a contrasting sky/ground relationship through the wuse of color
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coding and covered a wider range of pitch by showing 50 to 60 degrees on the
MM-2 and 3 and 110 degrees on the MM-1 and 4. These displays, shown in Figure
5, were carried into the flight director and Integrated Flight Instrument
System designs and have remained as a relatively standard display format 1in
aircraft through the F-15 and F-16.

Figure 5: MM-Series Displays

Heading Displays

A problem very similar to that discussed in regard to attitude also

exists with heading displays. These displays on the HUD .and many head down
VSDs show roughly 10 percent of the 360 degree compass rose as did the
Directional Gyro (DG) in a 1940s vintage T-6 trainer. Radio Magnetic

Indicators (RMI), Compass Cards and Horizontal Situation Indicator (HSI) were
designed specifically to provide the pilot with a 360 degree wview of the
navigation (orientation) situation. These devices are used frequently to
determine reciprocal headings and bearings in addition to providing, at a
glance, direction and degrees of turn to a predetermined heading or intercept
angle. Lacking this kind of picture of the navigation situation and into
addirion and subtraction tasks. Being of superior intellect, pilots do not
find cthis difficult, merely time consuming, often when other more critical
issues must be considered.

2~1-11




Similar arguments can be made with regard to altitude, navigation and
some airspeed displays on the new graphic displays. Actually the only display
feature on the LANTIRN HUD with a wide field of regard is the Steerpoint Index
(in reality it is a bearing pointer) with the capability of indicating 360
degrees if relative bearing to the selected steerpoint. '

Conclusions

It can be seen that the evolution of instrument flight into the 1970s has
been paced more by the way pilots and designers learned to use information
than by changes in the information being used. There is over forty years of
experience (good and bad) behind the way pilots are trained to fly in poor
visibility and procedures and techniques in use were adopted only after very
careful consideration, testing, and validation. Any attempt to change
information parameters, major alteration in display format or dynamics or
changes in the way the information is used by pilots should be considered only
after the changes are proven to be superior to those already in use.

Recent introduction of graphic display technology has been much more than
a media change, it is changing the way we must train pilots and fly airplanes
- and it is leading to a change in cockpit workload associated with attitude
and flight' path control. In any assessment of the utility of those new
display, and the environment in which it was created.

The HUD was designed to be the micrometer in an air-to-air and air-to-

ground weapon delivery task. It was conceived in a visual environment where '
the pilot used his wide field of regard (in excess of 180 degrees vertically
and laterally) to steer the aircraft to the intended target. To do this he

had the full range of foveal and peripheral cues with which to remain oriented
with respect to the earth, the horizon, and the target. Once the target was
in front of the aircraft and in the HUD FOV, delivery symbology could be used
effectively to complete the job, and it does this very well.

If the full visual scene is removed by darkness, for example, as it is in
the LANTIRN environment, then the pilot’s field of view of the outside world
is reduced to 20 x 30 degrees with a corresponding loss of the peripheral cues

for orientation and target alignment. He must then use lateral steering cues
to find the target and only 20 degrees of vertical situation information for’
orientation in the vertical axis. If high humidity degrades the FLIR scene,

then all outside visual cues are lost and orientation must be maintained with
the steerpoint cue, TF cue and radar altitmeter, and limited indications of
attitude. In this final configuration, the pilot cannot revert to head down
displays without losing the only information (TF Cue) that keeps him from
hitting the ground. His only recourse at this point to to depart the low
level environment and attempt to find visual flight conditions.  Accordingly,
the evaluator needs to look at worst case conditions to determine total system
capabilties in the new environment the system is likely to encounter.
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Qur next speaker 1is Lt. Col Bill Ercoline. Bill is the chief of
Operational Plans and Programs Division of the Air Force Instrument Flight
Center at Randolph Air Force Base. His background includes a Bachelor of
Arts, Bachelor of Science in Physics with California State College and an MS
in Laser Optics from AFIT. He is a graduate of the Air War College, he

instructed physics at the Air Force Academy, flew combat in the C-130, total
flying time 1is 3200 hours, he’s instructed over 2000 hours including the
instrument  pilot inspector .school, before that <closed. Investigated
instrument related mishaps involving the F-16 and RC 135. He's flown the
Crane all-weather flight gauge, and he's currently making a formal evaluation
on the use of that device. And he'll speak to us this morning on Air Force
Instrument Flight Training. Bill.

I have a lot of information to try and pass on to vou in the form of this
presentation so 1 was trying to use some of the information that 1 have picked
up over the last day and a little bit of time here. So I thought maybe 1
would project 30 slides and let your subconscious pick it all up and then 1
would just tell you that your subconscious has it all and then we don't have
to po through cach slide in sequence. But Col McNaughton couldn't provide me
with 30 projectors so we are going to have to go through the slides. The way
I have this information organized is, I, too, am going to give you a little
background of history. A little bit about the things we are talking about
today: where it all came from. Then I'll talk about the instrument training
method that we used in the Air Training Command to teach all Air Force pilots
how to fly instruments. Then we will talk a little about the practices
throughout the Air Force. 1 also want to throw in a little bit- about attitude
display which is very apropose for today and hopefully show you a different

way, which maybe a lot of you are familiar with. And then with some time
remaining, a couple of minutes, I would like my boss, Col Baker, who is in the
audience here, to critique me, to maybe say something about the instrument

flight center, what we are tasked to do and what, in fact, we are trving to do
there. '

So to start with, 1I'd like to go through some slides here. Before I do
that though, 1'd like to take you back in time for a minute and show you the
first instrument that ever came about. The Wright Brothers came up with this
(holding up a piece of string). This is & string that they tied to the strut
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of their aircraft to blow right back in their face. They could tell if they
were descending or climbing, slipping or sliding. It provided them with a lot
of information. And they taught pilots to use it. As a matter of fact, this
piece of string was common on all the early Wright Flyers. They got
information from and after we became quite proficient in flying we did all our
flying VFR. They abandoned it, they went away from it. As a matter of fact,
the instructors early on decided to tell their students they wanted them to
develop a "feel of the ship." From that sprung up the myth of having that
innate ability to fly the airplane.

With the advent of having to fly in fog and WWII, because of that myth,

we ended up losing a lot of people. A lot of pilots, and we evolved into a
different system and eventually we came up with something 1like this A-7
cockpit. We got there through a large number of years and through a lot of

accidents and a large number of experiments.

We eventually got up to something like this and now we have gone beyond
that which I’'11 talk about later, but this is what we call the T-cross check,
which  you've heard before:  you have your attitude Indicator in the center,
down below your HSI, airspeed, altimeter; and it gives you the basic T. 1It's
in most of our airplanes today, and I say that talking about Air Force. This
is a C-5 cockpit. You can see the same layout. By the way, this cockpit
arrangement is an FAA  requirement for commercial flight operations. There is
a regulation that defines the T, what instruments are placed where, and even
if you stick something in between, that then becomes a primary instrument. So

there 1is something to this, to this arrangement. It gives us bits of
information that we try to construct, as someone mentioned vesterday, to give
us somehing like the real world. It doesn't give us the real world, but it

provides wus with something in here that we build on to and that somehow
translates to the real world.

Well, how did we get there? I'm going to tell you some information that
I received from this man, Col Carl Paul Crane, who I had the good fortune to
fly with in the mid '70s, and late ‘70s and even early '80s. Carl passed away
about 3 years ago in 1982, and he had quite a story to tell, and perhaps some
of you have heard that story before. I want to give you some of the
historical information because I think it is important. His ideas were
innovative throughout his life and I think he left a lot with us that we are
talking about today and the story that he told definately started the
information that we are talking about today. And 1 want to leave you with a
little bit of that before I get into instrument training.

In 1923, Lt John Macready flew his first flight from the west to the East
coast, he tried several times east to west but he never made it so he finally

made it west to east. It was a significant evert at that time but the
significant thing, I thought, was the report that he wrote in which he said in
one of his quotes: (reported in National CGeographic in 1924) he said at that

time that he felt he could not maintain his aircraft if there was not some
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visual reference, a point, a light, a horizon, some cloud out on the horizon
that would help him maintain his aircraft. Now, he published that in 1924.
At that time the attitude was that we did not need instruments to maintain
aircraft control. Now, who was Macready? Well, he happended to be one of the
chief test pilots at McCook Field. He set an altitude record, he did a lot of
other things too.

But the thinking at that time was, there was somcthing happening to our
pilots when they would go into weather. We needed more information, but we
really weren’t sure because they had been trained in a VFR environment where
they had that big picture and it was not the thing to admit that you couldn’t
fly when you went into weather. So we had a problem here. We had a lot of
pilots; we had instruments on the airplane then; we had turn and bank
indicators. A lot of times the pilots would send them back to the
manufacturers saying that they didn’t work when they went into weather, They
worked fine when they were VFR. And they would be benched and they would be
sent back saying, "checked good, OPS checked okay."

All right, well, how do we get to those cockpits I showed you earlier:

the T-cross check. In order to talk about that, to give you a better feel of
what was going on then, this was the top-line fighter in 1925. 1 want to show
you the cockpit of that airplane. You had some instruments there that dealt

with the engine, but you would be hard pressed to find the bank and turn
indicator, the turn bank indicator and the mag compass were hard to see
because they were mounted on the floor between the rudder petals. It's not on
this slide but one of these lines would show you where it 1is. The  bank
indicator was mounted on the floor and the compass was mounted on top of it.
As a matter of fact, some commanders in their outfit had those things taped
over because they wanted the pilots to develop this innate ability to fly.

As a matter of fact, at that time even prior to pgoing into pilot
training, we had what was called a Ruggles Orientator in which you would be

examined. 1t was a chair that could be moved around on two axes of motion,
and you would be examined based on how well you could perform after being spun
around in this chair. And that could determine whether you would make it

through pilot training, whether you would even enter and get a chance at it.
That was the attitude.

Kow how did we get through all that? This is a picture of the entire air
force in 1913. 1I'll have to take you back in time. These are the officers in
the front row. This is Lt Foulois. But it’'s the back row I want to talk just
a minute about because there is a person back there, right here, a tall man;
he 1is the only one that has two medals on, and he was an enlisted person at
the time and his name is Bill Ocker, and he is the one who really discovered
the problem that we have been talking about for the last day. His story is
quite interesting and I'm going to briefly talk about that.




This 1is Col Ocker about 3 months before he passed away in 1942, He
discovered what this problem was that pilots were experiencing at the time and

he paid dearly for it. He was twice sent to Letterman General Hospital for
psychiatric evaluation because he had to tell pilots about what was going on.
His commanding officer decided he was nuts. He later in life, he claimed to
be, he kind of joked about it, he claimed to be the only officer, in the Air
Corps at the time that had two letters that proved he was sane. He suffered
the humiliation of a Court Martial, because of an arguement he had with the
commanding officer. He was aquitted on that, but he paid dearly for it. He

was never really recognized for his contributions and I want to leave you with
a little bit of what he did, and how that happened.

Col Ocker was given one of the first turn/bank indicators that Elmer
Sperry made in 1918. And he carried that thing religiously with him on every
flight for eight years before he realized what it was all about. He, too, did
not believe it. He felt it worked fine in clear weather conditions, but when
he went into clouds or something like that it just didn’t work right. And
could you imagine going out on a sortie with this guy, "Wait just a minute, I
have to get my turn and bank indicator!" He'’d mount that thing on the strut
of the airplane and away they'd go. Now, he took that thing with him for
eight years. In 1926, a Capt Meyer, flight surgeon, was giving him his semi-
annual physical. Capt Meyers would put pilots in the Jones-Barany chair. He
would blindfold them and spin them and have them guess which way they were
spinning. No one could ever get it correctly. Now, no one had as yet ever
associated that with the problems we were having at the time about flying in
weather. He put Ocker in this chair in 1926, blindfolded him and spun him up.
And sure enough Ocker couldn’t get the directions correct.

So what happened next was kind of interesting. Because that really
changed our attitude or our understanding of instrument flying and what we
needed to fly. Ocker recalled an earlier incident when he was flying with

Billy Mitchell. He was Billy Mitchell’'s aid for a couple of vears. He was in
the back seat of an airplane and they were checking out a new field location

and he noticed some oil on his shoe. As Billy Mitchell was banking the
airplane to the right, he bent over to wipe the o0il off his shoe and he felt
that the airplane leveled off and started to turn to the left. And he was

kind of surprised when he straightened up and found that they were flyving
straight and level. Now, that was earlier in the '20s that that had happened.
He mnever really correlated that with anything until this incident with Capt
Meyer. And what he did, he asked Dr Meyers if he could come back and have
this test again. And Dr Meyers said, "Sure; anything to fool vou dumb
pilots.* So Ocker went back to his room, he got this turn indicator that
Sperry had given him, he mounted it in a light type box, he put a flashlight
in there and he put a magnetic compass in. And he had a little hose that he
could blow in to get the gyro spinning. He went back into Meyers' office and
this time instead of being blindfolded he put that box over his face. And




Meyers spun him in that chair and sure enough, he got the right direction
every time. That was the first internationally accepted discovery of pilot
vertigo and that has never been challenged. That’s what started it all.

Now Ocher did quite a bit after that, but as I mentioned earlier, he paid
the price for that because at that time we wanted people to have that mnatural
ability to fly. Little did we realize that it was something else. Now, Ocker
put the box there, and he used to try and convince people that you needed this
type of training. Later in the '20s, he met Carl Crane, who was then a
lieutenant. Carl had a similar incident that Ocker had had, that kindled his
interest about instrument flying. He learned something more because of a spin
he had gotten himself into. And Ocker gave him some answers and that really
made Carl Crane a believer, and that's what perpetuated Crane’'s story, but
this was in the late '20s.

In 1970, the FAA finally decided it was a good idea and they had their
flight check people go out with a little gyro box to show people how you
become disoriented. So it takes a little time to get new ideas across.

But why do I have a pigeon here covered up? 1 wanted to tell you just a
couple of things these guys had to go through to convince people. People
wanted them to fly like birds. Well, Crane came up with the idea that birds
really don’'t fly that way either. They had to show people.  So what did they
do?  They took some birds, some plgeons here, and they would cover their heads
up, take them up in the airplane and throw them out of the airplane. And sure
enough, the birds would become disorientated, but they were smart, they would
put their wings out at a wide dihedral and just float down to earth. You take
their bag off and they'd fly away. So little by little, these were some of
the things they had to go through to convince people that you can’t do it like
a bird. They also blindfolded people and gave them a line marker and kind of
let them go 1in a straight line and you would see that everybody started a
spiral tendancy. So little by little we began to believe there was something
there. : '

We started to look into instrument conditions and what we need. Crane and
Ocker both devised, by putting some instruments on this old Ruggles
Orientator, the first simulator. Later with the idea of two scientists,
Diamond and Dunsmore, who were working on the model airways, Carl Crane put
together a simulator which actually had course guidance in it, and he patented
that. '

Now, about a vear after that patent was {iled, the patent office notified
him that there was a conflict here. Someone by the name of Ed Link hod filec
a similar patent and they had to resolve the issue. Well, over the procecs of
a lengthy investigation tliey determined Crane was two vears ahead of Ed Link.
Link was forced to take a patent out under Crane. Now, 1 say that because we

all have heard of Link. Very few have probably heard of Crane, and 1 say that
because this was the first simulator that had instrument course guidance in




it. That started with Crane's idea, which he got from Ocker and some of the
needs they had in those days. When you think about how much we do today in
instrument flying in the simulator, you can appreciate the magnitude of this
idea that happened way back then.

About the same time, under the auspices of the Guggenheim Fund, Jimmy
Doolittle made the first blind flight from takeoff to landing in 1929. This
was the first artificial horizon in the airplane. There was also a new
altimeter called the Kollsman altimeter and the first directional indicator
was in that airplane. From this, 1 feel, the sced was planted for the
instrument panel that we have today. If you look at this panel and what was
done then, which is very significant, you look at the Sperry system that came
out in the '50s, you can find the attitude display still somewhere in the
middle. Between that period, believe me, it was moved around a lot.

So we are going through quite a large period of time here and then after
this system it was improvised a little bit to get you back where we are today,
but notice not much really changed. We changed the sky color a little bit,
The ground has always remained black or brown, dark, but the arrangement is
there and we developed the T cross check from that. That's how we got to
vhere we are today.

What 1 want to do next, after having gone through about 70 years of
instrument conditions, 1 would like to tell you a little bit about how we do
it in the Air Force, how we train people that are completely unfamiliar with
instrument flying, how we train them to fly their airplanes. Now that is the
guy we are giving undergraduate pilot training. That may change a little bit
once he gets in his aircraft, but this is the information that he is given at
pilot training.

‘Now I'm going to have to change my media presentation here. So could vou
turn that off please? I'm sure most of us in the room are familiar with this
cockpit. It's the T-38. Again, the arrangement, the T cross check, this was
the standard for a long time. And we go back to the '60s all the way up to
the present day. And we still plan on using this. The plan is to use this
all the way up to the year 2000. I know of no plan that has been funded to
modify the instrument arrangement. That may change if some things develop
here, but even the T-46, if it ever gets the bugs worked out of it, will have
this type of arrangement in it. This is what the pilot, this is how the pilot
is going to learn to fly instruments. This is the cockpit.

Now, how do we teach him, what do we teach him? I think Pete Lovering
discussed a little of this, but 1 wanted to take something out of 51-37. This
is a copy of a little chart that is in 51-37. It is exact. What we do for s
guy to learn to fly instruments from that instrument panel, is that we break
the instruments down, We try to plece them together so 1 guess in his
conscious mind, if I understood some of the talks yesterdav, we want to give
him a series of events that he can comprehend, to put together, to construct
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that real world. So what we do, we take those instruments and break them into
three categories: control, performance and navigation. Some people may say
that there is another category that you can call command information. We
could discuss that, but I think just for the sake of not having an arguement
right now, let's just leave it at these three categories. You can see under
certain conditions, your horizontal situation indicators could fall under
either performance or navigation, depending on how you use them.

What 1is taught to those people is that we maintain attitude of the

airplane with the control instruments. That's how they get the name
"control". They are calibrated in order to allow the pilot to make exact
input into his aircraft. Attitude and power, be it the tachometer, the EGT,

the FTIT, depending on what airplane you are flying, you could get that power
from a various number of instruments. But that is how he is taught to control
his airplane. He maintains aircraft control by establishing a cross-check
based on control instruments. From that he works on what we call the - cross-
check, where he goes from his control instruments to his performance
instruments. :

The performance instruments are those instruments that give him

information to see how his aircraft is performing. Sometimes they 1lag; it
depends; and depending on his instructor and his knowledge, he will try to
convey to the student how these interrelate. That's how he learns to fly

instruments. And you can go through the performance instruments.

Notice the HUD is not here because 51-37 has not been updated to include
the HUD. We feel at the Instrument Flight Center, that the HUD will fall
under a performance instrument. Presently, present HUDs will. Until some
changes are made, we are hesitant to put it in the control instrument column.

But this is the way he learns. We have to have a se¢quence to teach this
guy. We can’'t just let him go out in an airplane and learn on his own and
then, “How did you do it?" "Well I don't know." We have to evaluate him, we
have to critique him on what he does. In order to do that there has to be

. some kind of event, some series of events that we can critique. And we have
to give him information. There are just too many people to be able to handle
it on a one-to-one basis. There has to be some standardization to this whole

process. And that’s a problem we face. But any way, that's the way we do it.
And with that we develop a cross-check and we use the cockpit of the T-38 to
work that cross-check and that’s how he learns to fly instruments. And that's
how he will learn to fly instruments for a long time, too. That's not
changing.

However, other things are changing. As you can see here, I just want to
show you some other cockpits. We have seen quite a few, so I won't bore you
with too many. But T want to show you some of the things the pilot is poing
to be exposed to and some of the things we are going to have to put back into
that training. Or, we are going to have to come up with a sequence of events




that allow us to do it consistently over and over again so that we develop
some type of distribution whereby we can say this guy is the cut off point,
and everybody below that point doesn’t fit. It has to be done.

As you can see here, these are standby instruments but the B-1, this will
be an attitude display, can be, your HSI is below it, you have some tape
instruments, but the standby group of instruments here. So, something goes
wrong here, he is going to have to develop a cross-check on the standby down
to the HSI to get his directional information. So, a little large cross-check
there, but that would be in an emergency situation.

F-16 C/D cockpit. Again, we buried the instruments a little lower in the
cockpit, but I think the integrety here is pretty close. But again, you have
the option. You have the ADI here, you have attitude display, although it is
not an attitude indicator, up here so you can get something out of that.

I1'11 give you a couple of the quickies here. Here is the F-15 E cockpit.
There is no attitude indicator per se, as we know it in the T-38. However,
you can call up something that looks just like it. Anywhere you want. So I'm
a little puzzled with that, I'm a little concerned about it too, because if
you. . the C-17 cockpit is changed, that's a proposal, and they have some
information here about, again the pilot has the option..nd that‘s one of the
things that concerns me. It concerns me that we have given the pilot a lot of
options here. Maybe that'’s pood, maybe that's bad; but 1’11 tell you whart,
they do not have that option while they are learning to fly instruments. They
are told the way to do it and they try to perform to that level. And then we
put them in an environment where they have a lot of options. Now whether
that’'s good or bad I'm not sure. But that’'s the way it is.

I did want to talk a little bit about attitude displays because what I
tried to show you there was some of the problems we had. I want to go back
and come up and show you what Carl Crane came up with vears ago, back in the
'30s really. And we kind of took a different road in our attitude displavs.
Whether that was good or bad, 1’'m not sure but I do have some mixed emotions,
mixed feelings on this issue and I'm sure some of you do, too. What Carl felt
was, over on the left there is our current attitude display (ADI). This is
what 1is actually happening in the airplane. If I wunderstood some people
correctly yesterday, that information on the left of that slide is not the way
we see it as it actually happens when we are flying an airplane, in the roll
sense, I'm talking about the roll sense; pitch seems to be correct. But
there is a conflict here. We build & picture based on that representation
over there and 1’11 tell vou, it takes a while for a student to learn to
interpret that roll fnfoermation, And us Col MeNauphton said  yenterday,  for
some people, it never really does become automatic, although vou can learn to
use it. To master this, vou can do it. It takes time to learn it. How much
time? 1 think we have a handle on that.




This, the Crane Alweather Flitegage, though doesn't seem to take that
much time, and 1 bet there isn’'t anyone in here, (and there'’'s not even an
attitude horizon line on this) but I bet you everyone in this room knows which
way to push the stick to level those wings. All right? This is what you see
when you are flying an airplane. I think is that, yeah? I don’t know if the
next slide is really going to show what I want it to. Yeah, it's in a bank
now, The horizon doesn’t turn, its stationary. 1It's always been that way,
and that’'s what we see when we ride a bike, do whatever we do, that's what we
see. That's what our mind picks up and that’s what we are conditioncd to.
Somehow our instruments do not quite do that. This is what our instrument
displays, if you will: the horizon turns. Carl Crane felt there was something
more that you should see. You should see the airplane actually turn, the
horizon stationary. And he devised, he and Ocker both, by the way, they also
published the first training manual that was ever written. They wrote a book
called Blind Flying in Theory and Practice,  published in 1932 in San Antonio.
And it was the first book that talked about how to teach people to fly in
instrument conditions. What they felt, this was called your outside-in
display. All right, where you're outside from the God's-eye view looking in
and you fly your airplane that way. There’s been a lot of research done on
this, But 1’1l just mention that. I want to show you, to get a feel for
what’s going on here. That’'s a climb, and I don't want to get into all this
other stuff. I just want to you to be aware of the attitude display. 1 think
that's what's important. This is a right bank. If you want to roll left, you
just roll the airplane left. Okay, that’s called an outside-in display. Very
simple. It seems to work well. They’ll probably do more tests on it, but you
get into an interesting discussion when you do this because we'’ve gone down
that other road for a lot of years. There’s a lot of equipment out there that
says we do it the other way. And that’s something that 1 don‘t know if we
will ever overcome.

But I want to leave you with this information because this is another way

of doing it. And it seems like there is more of the big picture here. You
don’t have to picce little parts of information and construct that picture in
your mind. It’s here, it's the way we do things from day number 1; we see |t

out there and we learn it that way. We get out in the airplane, and it’s very
intuitive and natural. 1It's our subconscious working. I think the Inside-out
way requires more conscious processing and never does become as inherently
obvious and automatic as the outside-in (God's eye view) presentation.
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BIOGRAPHY

Colonel E.J. Baker is commander of the U.S. Air Force Instrument Flight
Center located at Randolph Air Base, Texas. The center is the central focal
point for all instrument flight related functions in the Air Force.

Colonel Baker was born on February 16, 1938 near Batesville, Arkansas,
He graduated from Hoisington High School, Hoisington, Kansas, in 1956 and then
attended Wichita State University, Wichita Kansas, where he received a
bachelor of education degree in June 1962, Upon graduation, he was
commissioned as a second lieutenant through the Air Force Reserve Officers’
Training Corps program. He completed Air Command and Staff College in 1975
and Industrial College of the Armed Forces in 1977.

In July 1962, the colonel entered active duty and began pilot training.
Colonel Baker received his pilot wings in August 1963 at Vance Air Force Base,
Oklahoma. He then completed pilot instructor training at Williams Air Force
Base, Arizona. : '

From November 1963 to September 1966, he was an instructor pilot with the
3560th Flying Training Wing at Webb Air Force Base, Texas. He instructed in
both the T-37 and T-38 aircraft and was selected as a wing T-38
standardization and evaluation flight examiner in 1965.

In October 1966, Colonel Baker began F-4 combat air crew training at
MacDill Air Force Base, Florida. He was next assigned to Seymour Johnson Air
Force Base, North Carolina, as part of the initial fighter pilot cadre to

convert the 4&4th Tactical Fighter Wing from F-105 to F-4 aircraft. Froin
January to July 1968 he was deployed with the Wing to Kunsan Air Base, South
Korea during the Pueblo crisis. In November 1968, he was selected as deputy

chief of Wing Operations Plans where he was responsible for planning the first
ever deployment of Tactical Air Commands Bare Base equipment and personnel to
North Field, South Carolina.

Colonel Baker transferred to Udorn Roval Thai Air Force Base, Thailand in
July 1970 and was assigned to Detachment 1, 56th Special Operations Wing.
During his Southeast Asia tour of duty, he was a fighter pilot and weapons and
tactics officer while flying combat missions in the AT-28 over Laos and
Cambodia.




The colonel next had a four year assignment to Vance Air Force Base,
Oklahoma, where he was-a T-38 flight commander and chief of the 7lst Flying
Training Wing's Operations and Training Division. His first staff assignment
came in July 1975 when he joined the Air Training Command’s Inspector General
staff at Randolph Air Force Base, Texas. In October 1976, he became chief of
the Air Space and Air Traffic Control Division for Air Traffic Control
Division for Air Training Command.

From November 1978 to August 1983, he was assigned to Headquarters United
States Air Forces in Europe at Ramstein Air Base, Germany. As a plans staff’
officer he was the overall program manager to U.S. Air Force F-16 conversions
in Europe, specifically directing conversion activities at Hahn Air Base,
Germany and Torrejon Air Base, Spain. He was also named chief of the Fighter
Programs Division which had basing and other programming responsibilities for
all U.S. Air Force fighter, reconnaissance and electronic warfare aircraft in
Europe.

In August 1983, Colonel Baker was assigned back to Headquarters Air
Training Command, Randolph Air Force Base, Texas as chief of the Readiness
Division. He was directly responsible for the command's first combined
command post and field training readiness exercise. He assumed this present
command in October 1983.

The colonel is a command pilot with 4,000 flying hours in supersonic jet
fighter and trainer aircraft. His military decorations and awards include the
Distinguished Flying Cross, Meritorious Service Medal with two oak leaf
clusters, Air Medal with four oak leaf clusters, Combat Readiness Medal,
Vietnam Service Medel with three bronze service stars and the Republic of
Vietnam Gallantry Cross with palm.

He was promoted to the grade of colonel on April 1, 1983 with the same
date of rank.

Colonel Baker 1is married to the former Susan P. Bean from Big Spring,
Texas. They have one son, Scott.

Brigadier General Pruden recommended that I stand up and beat the drum
for an advanced instrument training course or IPIS. The IFC opened in October
1983 &t Randolph. We work directly for the USAF and under AFR 23-2, and we
are the focal point for instrument flight matters in the Air Force.

The IFC includes four divisions:

a. Flight Directives Division, responsible for flight publications
and regulations.
