BOEING AEROSPACE CO SEATTLE WA LOGISTICS SUPPORT AND=~ETC F/6 5/10

PSYCHOPHYSICAL CRITERIA FOR VISUAL SIMULATION SYSTEMS,(U)

MAY 80 C L KRAFT» C D ANDERSON: € L ELWORTH F33615-78~C=0012
AFHRL=TR=79=30 N




Ep—,

AFHRL.TR-79-30 |

AIR FORCE ®

LNMOOVC OWVNMZD =2 CT

/

PSYCHOPHYSICAL CRITERIA FOR VISUAL
SIMULATION SYSTEMS 7

By

/ * Conrad L./,Kl'dfl
Chardes D. Anderson
Chades L.__ Elworth

Bocing Aerospace Company
Logistics Suppont and Sewvices Division
Scatthe, Washington 98121

OPERATIONS TRAINING DIVISION

Willlams Air Foree Base. Arzona 85221

/,
May BHO
Final Repon
\pprn\n'il for pulilit release: distribution unlimited.

/rﬂ

V i

e - - L. ;

# -

.. - ‘f‘“.l

LABORATORY - - -

80 5 23 005
AIR FORCE SYSTEMS COMMAND
BROOKS AIR FORCE BASE,TEXAS 78235




NOTICE

When LS Government drawings, specifications. or other data are used for any purpose
other than a definitely related Government procurement operation. the Government
thereby ineurs no vesponsibility nor any obligation whatsoever. and the fact that the
Covermment may have formulated. furnished. or in any way supplied the said drawings.
specifications.ar other data is.not 10 be regarded by implication or otherwise. as in any
manner licensing the holder or any other persen or corporation. or conveving any rights
or peeatission o manufacture useor sell any patented invention that may inany way he
relatedd thereto,

This final report was submitted by Boeing Aerospace Company. Logisties Support and
Services Division. Seattle.. Washington 98121, under Contract F33615-78-C-0012.
Project 6111 with the Operations Training Division. Air Foree Human Resources
Laboratory (AFSCH Williams \ir Force Base. Arizona 85221 Dr. Kenneth R Boff was
the Contract Monitor for the Laboratory.,

This report has been reviewed by the Office of Public Affairs (P A) and is releasable (o the
National Technieal Inlormaton Service (NTISY, At NTIS, it will be available to the
general publicsineluding foreign nations,

This technical report has been reviewed and is approved for publication.

DIRK C. PRATHER. Licutenant Colonel, USAFE

Technical Advisor. Operations Training Division

RONALD W TERRY. Colonel. USAF

Commander

—— . < d . E

|

e

e’

g




Y

PRPEISNRSPP HES

Undlassified

SECURITY CLASSIFICATION OF THIS PAGE (When Data Entered)

REPORT DOCUMENTATION PAGE

READ INSTRUCTIONS
BEFORE COMPLETING FORM

Conrad 1. Kraft
Charles D). Anderson
Charles 1. Llworth

1. REPORT NUMBER 2. GOVY ACLESSION NO.| 3. RECIPIENT'S CATALOG NUMBER

AFHRL-TR-79-30 A ﬁ/ﬂ/

1 AP 77

4. TITLE (and Subtitle) 5. TYPE OF REPORT & PERIOD COVERED

PSYCHOPHYSICAL CRITERIA FOR VISUAL SIMULATION Final

SYSTEMS —F

. ERFORMING ORG. REPORY NUMBER

7. AUTHOR(sS) 8. CONTRACT OR GRANT NUMBER(s)

F33615.78.0-0012 “n

Williams Air Force Base. Arizona 85224

3. PERFORMING ORGANIZATION NAME AND ADDRESS 0. PROGRAM ELEMENT. PROJECT, TASK
. . AREA & WORK UNIT NUMBERS
Boeing Aerospace Company / _
Logistics Support and Services Division 62205F
Seattle. Washington 98124 61142203
11, CONTROLLING OFFICE NAME AND ADDRESS 2. REPORT DATE
g . ¢
HQ Air Force Human Resources Laboratory (AFSC) May 1980
Brooks Air Force Base. Texas 78235 13. NUMBER OF PAGES
144
T4 MONITORING AGENCY NAME & ADORESS(if dilferont from Controlling Otfice) | 15. SECURITY CLASS. (of this report)
Operations Training Division Unelassified
Air Force Human Resources Laboratory
y T5a. DECLASSIFICATION, DOWNGRADING

SCHEDULE

16. DISTRIBUTION STATEMENT (of this Report)

Approved for public release: distribution unlimited.

17. DISTRIBUTION STATEMENT (of the abstract entered in Block 20, if dilferent from Report)

18 SUPPLEMENTARY NOTES

19 XEY WORODS Contimue nn revarse side if necessary and identify by block number)

binocular image ~ize display channel separation lateral vergenees size differences
hinocular deviation image distance and variability magnification update rate
collimation image distance error psychophysical criteria

computer generated imagery  insert rotation scene inserts

dipvergence joints in displays seene misalignments

20 ABSTRACT /Continue on reverse side if necessary and identify by .lock number)

This contractual effort studied a prioritized list of psychophysical aspects of visual simulation systems for
wilitary flight training simulators. The available literature. operational experiences of simulator commands.
current research program data were assembled. organized. reviewed. evaluated and summarized to provide
psychophysical eriteria for the visual displays cubsystem. Areas of insufficient data were identified. and seven
experimental designs were suggested for psychophysical investigations to provide some of the missing data.

DD ,52%%; 1473

Uinclassified

SECURITY CLASSIFICATION OF THIS PAGE rWhen Data Entered)

NP

i
i
1
1




{
¥
4
4

RoE Ty

3 VAR Ui B

0y

SECURITY CLASSIFICATION OF THIS PAGE(When Data Enfered)

ke




TENERREY

¥

SUMMARY

This contractual effort studied a prioritized list of psycho-
physical aspects of visual simulation systems for military flight train-
ing simulators. The available literature, operational experiences of
simulator commands and current research program data were assembled,
organized, reviewed, evaluated, and summarized to provide psychophysical
criteria for the visual displays subsystem. Through this process, some
areas of insufficient data were identified, and a selection of those
that were amenable to psychophysical investigation was recommended, with
suggested experimental designs.

The prioritization of 41 system characteristics as to their rela-
tive impartance was a product of rank ordering and applying weights
assigned to five evaluation factors. The factors were false cues, inter-
action of characteristics, current prevalence, realism deficiency, and
cost of correction. The following characteristics are those discussed
in detail within this report.

ALIASING
Defined

In its restricted sense, aliasing refers to the presence of harmo-
nics in the signal leading to an unintended distortion in the informa-
tion displayed on the cathode-ray tube (CRT). The more current usage of
the term aliasing refers to a number of visual anomalies, e.g., shear-
ing, racing, edge walking, angular velocity dependent resolution.

Potential Effects

The possible effects of aliasing include the following: (a) imposes
smoothing requirements that reduce display resolution, (b) allows inci-
dental learned effects that are not useful in real flight, (c) provides
distractions that use up available time thereby adding to the pilot's
work load, (d) imposes changes of visual search patterns, and (e) decrea-
ses pilot acceptance of visual simulation.

Method of Minimization

The general solution is to minimize effect by "“smoothing" of edge
gradient by software routines, using 60 Hz update and refresh rates,
and using lower contrasts in the scene. One promising anti-aliasing
technique ithat is a feasible alternative to pre-filtering is to over-
sample the data, apply a digital low-pass filter, and then down-sample
the data to the resolution of the display.
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MAGNIFICATION

Defined

Three types of magnification are related to perceptual effects in a
visual simulation system. These are (a) uniform magnification within the
optical system with image size which subtends the correct visual angle
for the object size and distance portrayed, (b) uniform magnification of
a scene to an image size (visual angle subtense) larger than that dicta-
ted by the size-distance relationship, (c) non-uniform magnification, in
which objects in some areas of a display are magnified more than objects
in other areas.

Potential Effects

For type (b), the danger is in a "flattening" effect produced by
the differential ratio of magnification of near and far objects, causing
misperception of distance and approach angle relative to the terrain
surface. Type (c), uneven magnification will produce distortions, and
uneven relative magnification of the images presented to each eye will
impose general discomfort, eye strain, and changes in flight perfor-
mance.

Limits and Recommendations

The runway plane distortion is perhaps the most serious case result-
ing from optical magnification. No definitive data were found to estab-
lish detection thresholds; therefore, this is one area where a psycho-
physical study was recormended. Differential size magnification between
the images presented to each eye should not exceed 1.0%, to avoid dis-
comfort and possible lower flight performance.

SCENE OVERLAYS AND INSERTS

JE I NI S50

Defined

Scene overlays are used in simulators such as those employed for
combat training where another aircraft must be presented against a
"fixed" background of earth and sky. Scene inserts differ in that they
replace a portion of the background scene rather than being superposed }
on it. Since the overlay technigque has a very restricted application :
and has obvious drawbacks (one image projected over another projected :
image) the discussion in this section concentrates on computer generated
imagery (CGI). The discussion includes methods of siaving the insert
to head or eye position, horizontal versus vertical resolution, orienta-
tion of raster lines, raster line density, and effects of vibration.
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Potential Effects

Scene overlays which may be identified by uny display characteris-
tic other than the presence of the target reduces the "search time"” in
target acquisition. Acquisition times are generally much lcnger than
"recognition times." To properly simulate air-to-air cr air-te-cround




target acquisition, recognition and weapon delivery require high resolu-
tion scenes, wide fields of view, and if inserts are used, non-recogn-
izable inserts or multiple "placebo-inserts."

Required Information

The just-not-noticeable thresholds for edge matches, raster align-
ments, image rotations, contrast differences in CGI scenes, or velocity
variations need to be established.

BINOCULAR DEVIATIONS AND IMAGE SIZE DIFFERENCES
Defined

Binocular deviations and image size differences (aniseikonia)
encompass a variety of visual display problems in which the images to
the two eyes differ. These disparities are categorized as horizontal/

vertical, magnification, and distortion/astigmatism.

Potential Effects

A large quantity of data has been obtained from a number of sources
and includes recommended tolerance limits for lateral and vertical
misalignment of binocular images. Recent studies show the effects of
differential distortion of right and left eye images on pilot perfor-
mance in the approach and landing maneuver. A combination of vertical
and lateral displacements is treated in the discussion of binocular
image rotation. The topic of unequal magnification (aniseikonia), which
has been the subject of much research, is discussed not only in psycho-
physical and clinical terms but reference is also made to direct effects
on performance in flying simulators. Optical effects such as collima-
tion error and astigmatism are discussed from the standpoint of geometri-
cal optics and in terms of their perceptual effects.

Suggested Tolerances:
Horizontal and Vertical Disparities
Average Binocular Deviation <9 arc minutes

Localized Lateral Disparities from <6 arc seconds to 1
<100 arc minutes depending on scene and task. 1

Localized Vertical Disparities <15 arc minutes

Vertical Displacements of R and L Images < 7.5 arc minutes

Rotational Tolerances with 20° field of view or larger,
comfort and minimal effect upon approach angle estimates

<1° (should be studied).

image Size Uif<erercec (:n:.seikonia) <19%.
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Binocular Image Distortion and Astigmatism. There is need for
experimentally determining thresholds for this area with
CGI imagery.

LATERAL VERGENCE/COLLIMATION/IMAGE DISTANCE ERROR
Defined

Vertical and lateral vergences are defined and discussed. The
confusion between display divergence and convergence, being opposite
visual divergence and convergence, is treated. The rough equivalence of
tolerance limits for vertical and lateral divergence is contrasted with
the larger tolerance for lateral convergence. This is related to dis-
play collimation error limits. The collimation error assessments of two
infinity displays of widely different fields of view are presented.

Potential Effects

Vertical Vergence

Within Panum's areas, and with the standard deviation of repeated
settings of vertical alignment by trained observers of < 7 arc minutes
of vertical separation, misalignment less than this would be associated
with no discomfort and good visual performance. At > 34 arc minutes,
discomfort occurs and doubling of images is frequently reported.

Lateral Vergence

Should be less than 26 arc minute range for no discomfort and good
visual performance.

Chromatic Aberration

Chromatic aberration (as imposed by the optical aspects of display
systems) resulting in color fringing is discussed. Lack of convergence
of the red, green, and blue electron beams in color CRTs, although
similar in appearance and effect, is shown to have generally much larger
magnitude of error. The effect of either source of color fringes de-
creases system resolution and legibility.

Holes in the Data Base

Seven areas were designated wherein the data were inadequate or
incomplete and in which good quantification should be expected from
psychophysical experiments. The specific functional relationships
needing quantification were the following:

1. The effect of Horizontal Aniseikonia on Target Detection and
Motion Recognition

2. The effect of Aliasing on Visual Search

3. The Effect of Cptical Magnificaticn on Perception of Runway Plane
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4. The Effects of Accommodat1on/Convergence Errors Interacting With
Quality of Displayed Images

5. The Masking of Scene Inserts as a Function of Insert Area and
Transition Technique

6. The Effects of Scene Complexity and Separation on the Detection
of Scene Misalignment

7. Absolute Brightness Levels in Simulators
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INTRODUCTICN

Visual systems for flight simulators have cecome a major oortion sF
the large simulator budget of the United States Air Force [USAF),
especially as computer-generated image (CGI) systems nave 2emcns:iracec
their feasibility and flexibility. The USAF is currently engaged in
procurement of a number of such systems for flignt simulators, almos:
all of which wiil have an out-of-the-window scene wnicn may te designed
for specific training tas«s, such as the terrain-folicwing trainirg
needed for the A-10 or the high-altitude air-to-air combat trairing “or
the F-15. The more accurately the effects of, various design concepts
are predicted, the more cost-effective the procurement cyclie wi'l become.

These and other visual systems should have casigr features that are
based on reguirements of the human visual system. This modality oro-
vides users with most of their sensory input, witn the peripheral

. retina answering the "where" guestion and the central, foveal area the
"what" of pattern vision. The visual displays normally provide the
pilots with the type of information they conventionaily use in perform-
ing flight maneuvers, in sensing unexpected deviations from the flight
path and to warn of intrusions by friend or foe. However, today's
technology still has its Timits and cannot duplicate the real world in

- this external scene, but this is not necessary for most training our-
poses. Scme studies seem to imply that including only the needed in-
formation in a purposively simplified image may provide improved per-
formance and transfer of training (Ritchie, 1976; Roscoe, 1377).

The visual perception literature can provide much of the informa-
tion for some aspects of the display system design. However, out-of-
the-window scenes with their requirements for large fields of view,

3 special optics, real-time dynamics, complete feedback, and special
- effects impose trades and restraints not found in the classical litera-
f : ture. The task of this program then was to define the display design
characteristics which may affect perceptual or physiologizal responses,
to establish the relative importance of the corresponding visual and
physiological effects, to understand their relationship with the physi-
cal continua of the displays, tc determine those areas ror which in-
sufficient definitive data are available, and to develop experimental
designs for possible Phase [I investigations in “hese areas. The follcw-
ing discussion shows the diversity and magnitude of some of the oroblems
that have been encountered in some methods of generating dynamic exter-
nal scenes.

One of the earliest visual simulation systems used motion picture
films as an image source and anamorphic lenses in the display to simu-
late visual scene dynamics needed in approach and landing training. Tre
visual display features that were inadequately handled dy this system
included a limited visual eavelcope, such that %ne oilot cou'd not < v
patterns without creating gross distcortions or zompiete break-up of the
scene. The anamorshic lenses distor<ed the picture to Zdeoict off-track
flight, and tall ouildings in the scere apoeared =z 'ie flat on <ne




terrain when the simulated aircraft was off the flightpath and to stand
up when the aircraft was on the same path as in original filming. Thus,
the apparent distortions could be used as an aid to navigation, a cue
that does not exist in the real world. In addition, scratches, as seen
in the display, provided a "vertical" reference and their thickness an
“off-track" reference. Absolute luminance level, or brightness, was
quite lTow in this system due to the 22 lens elements involved in cre-
ating the dynamic distortion.

Closed circuit television (CCTVY) systems that move across a fixed
model of terrain can be displayed through a number of systems. In one,
a "flat screen”" display, a light valve system projects the moving scene
on a tilted screen about 12 feet (3.66m) from the pilot's eye reference
point. This means that the corresponding visual accommodative distance
(visual focus) is also at 12 feet, requiring 0.27 diopter of accommoda-
tion. The incompatibility between the visual focus at 12 feet and the
scene, most of which is normally at a far distance (infinity focus), may
cause errors in the pilot's perception of the size, distance to, or
perspective of abjects in the scene. Another current display is a vir-
tual image system where the projected image is displayed on a trans-
Tucent screen and viewed from the back side in a large collimating
mirror. This system provides a very large exit pupil (or viewing vol-
ume), the design of which usually does not permit as high a display
resolution overall as the narrower exit-pupil systems. The light-valve
projector and translucent screen are other sources of resolution loss.
Yet another type of display uses a beam-splitter and spherical mirror,
and this display adds a bit of magnification and a small amount of
distortion, but only a little attenuation of resolution to that of the
generating system. Visual accommodation is generally maximum at 0.1
diopter as most of these systems are designed to be collimated at or
beyond 10 meters.

Inappropriate accommodation distances and resolution limits are
even more serious in cathode-ray tube (CRT) displays that have been used
at windscreen distance in some moving-belt displays. Twenty-inch-wide
CRTs viewed at 28 inches provide a 36-degree horizontal field of view,
potentially 5.0+ arc minutes of line-pair resolution, and visual accom-
modation of 1.4 diopters. Magnification of the scene by the optical
elements of a display that employs line scan excitation of a phosphor as
an image source generally is provided at the expense of resolution.

Some beam-splitter and mirror displays use a 1:1 ratio displayed scene
size to real-world size, some a 1.2:1.0 ratio. In one system with a 25-
inch (diagonal) CRT, the relationship provides a 40-degree display
field, while in another system, the 1.2:1.0 ratio is used with a 48
degree display field. With the image generator producing an element
length of .023 inch, the 1:1 system viewed from 28 ‘nches would result
in a visual angle resolution for the smallest element of 2.82 arc min-
utes and the 1.2:1 system would provide 3.39 arc minutes resolution.

The design for the Advanced Simulator for Pilot Training (ASPTY,
Flying Training Division of the Air Force Human Resources Laboratory
at Williams AFB, opted for a wide field of view, 158 degrees verti-
cally and 300 degrees horizontally, requiring seven pentagon-shaped
optical windows to achieve some magnification. To keep the resolution
within a reasonable range, a 1000-1ine raster display was a necessary

2




nart of +that design. 7The wide field of view may ne an important Zesign
variable, with experimental resulss indicaring chat field of viaw is
linearly and negatively correlated with tombing error i¥ both variabiss
are olotted as log functions {Cyrus, 1272). 1% is not known wnetner
such a relationshio would have been found ¥ a 325-1ine systam nad _=en
used to reduce cost.

The resoiution of the current visual scene generators and their
display devices in terms of line pairs fills between 5 arc minutes and
19+ arc minutes on the retina of the eye. These resolutions are, as
yet, far from matching the visual acuity of the average pilot, which
must at least meet the clinical norm of 1 arc minute (20/2C Snellen;,
nor do they reach the average acuity perfaormance 3f Dilots as measured
experimentally. For one sample using Landoit "Cs,"' the average acuity
was 10 arc seconds /Kraft, 3ooth, % 3oucek, 1372) and with another
sample, the performance of 24 pilots (13 civilian and six USAF), on
optometric examinations with Snellan letiars, 31.7 arc seconds was *he
average (Kraft, Farrell, Boucek, Anderson, & Holland, 1373). It is not
yet known which of the flying tasks, other than air-to-ground target
acquisition, require scan-line spatial frequencies approximating the
resolution capabiiity of the eye. On the other hand, some scene gen-
erators and disnlays are of such low resolution that cities cannct be
differentiated from countryside. However, at least some effective and
efficient flight training {s teing acccmplished with these scenes. The
relevant guestion is whether the scene itself has adequate training
value. It may te that a very good syllabus with excellent instructors
is contributing most of the training that transfers to the aircraft.
Before conducting training effectiveness studies of these factors,
however, 1t is appropriate to establish the perceptual ard physiological
relationships involved.
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As a class, CCTY and fixed-model, image-generation sys*ems have a
difficult display problem. The probe must come very close to the model
and sample the image along the length of the model. This imposes a reed
for a very small aperture to gain as much depth of field as possible.
The visual requirement is very severe because, in vision from the air-
craft with clear atmosoheric conditions, almost all items within hun-
dreds of miles are in sharp focus. 1In the CLTV/fixed model system, the
depth-of-field Yimitation is such that all of a 10,000 foot long runway
cannot be in focus at one time. Ore solution to this problem is the
addition of a software management scheme to shift the hyperfocal dis-
tance to different cortions of the runway as the final approach, flare,
and touchdown onases of landing are completed, The Scheimpflug modi-
fication was designed and developed as an optical soiution to this
groblem. The short depth of field with the Scheimpfiug modificaticon is
vertical instead of horizontal. This can provide for a complete runway
in focus, but the transition of the landing aircraft into this clear
image zone provides a visiale cue as %o altitude, a cue only present in
the simulator.

Some less well known aspects of visual disoiays may be of similar
or greater importance for training. Intaroscuiar differencas, “or ox-
ample, may be a source of distortion tnat affects pnysiological comfors
and psychophysical performance. This effort attempted to treat Doth tre




familiar and les

Tisned influence on the visual performance ¢f ccocckpit crews.
relationshipns between display cnaracteristics and performance are ngt
juantitatively established, there was an attempt to identify these areas

and suggest methods (experimental designs) for acguiring tne critical
data.

ser known aspects of displays in terms of <heir estab-
If the
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VISUAL SIMULATION CONCEPTS STUDY

RATIONALE FOR SELECTION OF VI>JAL SIMULATION SYSTEM CHARACTZIRISTICS

The crimary purposes of the Yisual Simulation Concents Stucy were:
(a) to establish those visual simulation characteristics which could
significantly affect the perception of the displayed scene by the ccaok-
nit crew or induce physiological reactions such as fatigue, kinetosis,
stress or strain and {b) to rank crder the characteristics as to their
relative impcrtance for subsequent study by the contractor. The pro-
cedure fcllowed included first the development of the raticnaie for “he
selection of characteristics, based upon ground rules >rcvided dy tne
Statement of Work (SOW) for this contract:

A. The areas of particular interest included:

1. Simulation system characteristics which degrade the
realism of the displayed imagery and impar: cues of
"simulation" rather than "reality" to the crew.

2. Characteristics which provide artificial or faise
visual cues, which are used to accomplish a specific
task in the simulator, but which are not available in
the real world.

3. Characteristics which may produce physiological, or
visuo-physiological reactions such as fatigue, eye
strain, or motion sickness.

B. Areas not to be addressed in tnis effort included scene
content requirements, steregscocic systems, and the 2f-
fects of the characteristics on simulator training effec-
tiveness.

In addition to these general requirements, the SOW also listed a
minimum set of characteristics to be considered, such as coliimation
errors, distortior, and image sharponess. The initial attemot to develop
a comprehensive list of characteristics, however, immediately demon-
strated the need for additional raticrale or ground rules for the
derivation of the list. Since meny of the “types" of characteristics
Tisted in the SOW could be broken out into a number of more discrete
factors, ind these in turn into even finer elements, it was necessary to
estabiish a grov-d rule for the consistent derivaticn of "character-
jstics.” It was recognized that various sub-factors, or even eiements,
might differ significantly in their contridbution to a given nercentua:
effect and therefore perhaps should be treated individualiy.

On the other hand, it was aiso recognized that the utility o7 this
overall e““or% would be enhanced if the charac:eristics were meaningfu:
to benavicral scientists, piiots, managers, 3tc., as weéil as *C 2iec-
tronic and sptical engineers. “or examplie, while 2e3m “r<ansity and
4iameter, point spread function, voitage, pnosgne-~ nariitarisiics,




nalation, anc zandwidth are terms an electronics angineer would de
cemfortable with, a diverse user group might stay “tuned in" only if the
next level, more generic term "spot size" were used.

Finally, it was desirable that the characteristics te easily and
adequately related to perceptual effects, and integrated into the other
contractual tasks such as the analysis of literature data and the
development of experimental designs. Thus, the terminology {(lavel of
dafinition) used was consistent with that most freaguently found in
availabie experimental reports concerning the relationshin zmong, for
axample, soot size, visual acuity and leg®bility. In following this
ground rule for the selection of levels of definition for the visual
5imulation system characteristics, two levels of description were used:
ane 2eing a general category descriptor and the other consisting of
component sub-factors.

Another ground rule involved the origin of the characteristic under
consideration. A particular distortion, for example, might originate in
the image generaticn equipment or material. However, this distortion
might be increased or eliminated by the design of the image transmission
equinpment and therefore be considerably modulated at the image display
surface. Relating perceptual effects to the original distortion would
thus involve consideration of a potentially ccmplex interaction with
other system elements. 7o avoid such difficulties, and yet recognizing
that they will still exist for the system designer, it was decided to
consider the characteristics as existing at the image display surface.
Thus, displayed image resolution would be a valid "characteristic,”
while image generator resolution would not.

Appendix A contains a list of visual simulation system character-
istics which were determined to have paotential for significant perceptis
or visuo-physiological effects in current simulation system designs.
Also provided in this appendix is a preliminary list of the types of
perceptual effects associated with each characteristic. While the
attempt was made to derive as complefe a 1ist of characteristics as 1
possible, it is not claimed to be exhaustive. :

RANKING OF DISPLAY CHARACTERISTICS

Rationale p

The nurpose in ranking the list of visual simulation character- 1
istics was to establisn their relative importance for further study. It i
was recogniczed that all of the characteristics could not be comprehen-

sively treated within a contractual effort of this size, and that it was 5
probably not desirable to treat each characteristic equaily. This i
dic*tated that the relative importance of the characteristics be de- ]

termined, and the contractor selected the method of oseudo-ordinal
ranking based upon the scoring of each characteristic agains* a weignted
ser 3f "importance" criteria as evaluation factors.




Evaluation Factors for Ranking Characteristics

The selection of evaluation factors or criteria to use in ranking
the characteristics was not an easy task. Since these factors, 2y <neir
rature and function, largely influence the order cf ranked character-
istics, they were "flagships" for the direction tne contractual efors
would follow for trne remainder of tne study effart.

This contrac: was not designed to consider juestions of <ransfer of
training from simulator to flignt performance as it is affected o2y *21s
visual cues or lack of realism or by fatigue, s:tress, strain, etc
However, it was recognized that such ques=tions are gltimately <he mcs
important gnes to answer 7 estabiishing design criteria and speci<i-
cations for visual simuiation systems. In the meantime, it i3 ‘mDCftant
to determine the reiationsnio between false visual cues, Tack of rez is~
ete. ‘percectual effects’ anag the characteristizs in tne system wnisgr-
cause these effects. The =vaiuation factors for ranking these cnariacisr-
istics did provide, however, a wechanism for relating the irmportance -°
the characteristics and their associated perceptual effecis %5 their
impact on training, flight performance, fatigue, equipment design, e7:.

rO

The evaluation factors %themselves were ranked as to their rela>’.e
emphasis or weight in tne evalyation of eacnh characteristic. The we' %
cf 6 to 10 were selected rather than I %0 3, O %0 4,0r any of “he osunar
alternatives in arder to provide some cifferentiation of reiative
importance, but at the same time, tc keep the difference ue..veoq ‘he
lowest and highest weights to 1:5: than twice the lowest wseight, sin-
it was felt that the highest weighted factor was probabiy not more <
twice as important than the lowest weighted factor. The foliowing 79 .a
evaluation factors, aiong with *heir we15nts, were deveicred Lt the
contractor with ju‘cance by the Air Force Human <esgurces _3doraicry
(AFHRL) project engineer:

[

-
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1. FALSE CUES

(Wt = 10) - The cotential cof the characteriztic to oroducs <z
visual cues which may (3, have negative transfer of training
effects, (o) interfare with, or increase the cost of, simulazor
training, or (c) affect Fligh% =afety.

se
s

2.  INTERACTION OF CHARACTERISTICS

(4t = 9) - The npotential for irtaraction of the characteris=si:
with nther vi.ual or system “aciors <0 zroduce eye stress,
strain, ur .atigue; visuo-ohysiological reactions: or gener:i . zg
image degradation.

3. CURRENT PREVALENCE
[Wt = ) The prevalence of the char:ctaristc ‘n currens
/isual simuiatian systems.




4. REALISM DEFICIZNCY

(Wt = 7) = Tn
realism of tn
ypon trainin

e axtent to which the characteristic cegraces
e displayed visual scene, ince 2% the
g.
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{Wt = B} - The potential impact of *he characteristic, i€ i4s
effect is fo be eliminated or minimized, upcn the design, con-
struction, operation, and maintanance <osts c¢f tre visual simu-
jation system.

“atrix of Characteristic Rankings

fach characteristic was scored on a szale of 1 o 5 against eacn 2°
the Tive evaluation factors. This score was then multiplied 2y tne
weight of the evaluation factor to derive a "weignted score.” Firalily,
the weighted scores on all evaluation factcrs for a particular character-
istic were added “ogether for a "total score.’ These tota! scores were
then used %0 rank the characteristics as o their relative imporzarce
for subsecuent study.

Appendix B presents the matrix of cnaracteristics Sy evaluaticn
facters with both initial and weighted scores as welil as total scores.
Also indicated is a category meanr score {("AVE"), which is the averace =f
the total scores in g narticular category. Table 1 iists the character-
istics in order of their resulting totail scores.

REVIEN OF YISUAL SIMULATION CONCEPTS STlDv

The results of the Visual Simulation Cancests Study were documen-o-
in a Jetailed Rezearch ?lan and submit<ed 2 the Air Force for rev:
and approva’l Az 2 resuit of this review, scme revisicrns in the aval il
tion scheme and cansolidation of some of the characheristics in <he
rank ordered 1ist were made. The primary revisions involved excranzing
weightings between Zwo of <he evaiuation factors and the es*tasi‘sr-ers
of the weighting v3l.es of 5 %0 10. These changes were aciommounziad i
*he descrioticn 27 <ras oviluaticn factors presentad earlier. }

,)

In sever:i ‘nstances % apreared that two Or more ‘nctsicual visual
3ys*tem Znaracseertitici .l e 3rouced icgether ~vithout jecnardizing
:heir '"*queness. ZJ4t 1T T7e same time areducing 3 mQre comTranensive
inalysis and JOFD‘v;ﬁfcﬂ =t da%a. Tnerefore, in consiceration of :tne
interactive natu 3% some 37 these cnaracteristics, .overil ¢onsoiidattirs
vera nade ‘» dE“’” %5 2 most cmpeortant” list of cnarzcteristics for suz-
sequent 3tudy.  ATCrg Sr032 S0 como1ned were "Singcular leviation' witn
‘pirccuiac irage siZe 4iffer nnces and with "diovergenca,’ "visual systenm
133s" with ‘undate r~ate and ‘Taterai vergenca with “ccllimation‘mace
tistance 2r-ar” and «7%n 'image distance varfaz i "

The raview, ard sutsecuent revisicns, e ToloTo o The followirg 3t oT
visuay simutastin $ustam cnaracteristiss ot red %o te of prime "moee-
sance “or suzsa2guent study:




Table 1. Rank Crder of Visual Simulation

System Characteristics

Rank Total
Order Yisual System Charactiristics Score
1 Aliasing 146
2 Scene Cverlays and Inserts 138
3 Field of View 13
4 Temporal Intensity Fluctuations 138
5 8inocular Ceviation 137
6 Visual System Lag 137
7 Magnificaticn 136
3 Scene Misalignment 136
9 Update Rate 134
19 Hue Range (Wavelength Distribution) 134
1 Active Lines per Visual Angle 134
12 Picture Elements 134
13 Exit Pupil 133
14 Type of Scan or Formatting 132
. 18 Color Saturation and Contrast 132
{ 16 Color Differences 130
; 17 Luminosity Function 128
f 18 Image Distance and Variability 128
< T 19 Reflections, Glare, Ghosting, Etc. 128
, 20 Gaps in FOV 127
' 21 Luminance Range 126
. 22 Geometric Perspective 125
’ 23 Lateral Vergence 124
i 24 Eye Relief Envelope 123
25 Displayed Depth of Field 119
! 26 Luminance Differences 119
27 Temporal Changes in Color Balance 118
| 28 Dipvergence 116
; 29 Frame Rate 110
i 30 Collimation/Image Distance Error 110
! 31 Contrast 108
i 32 Binocular Image Size Differences 120
Q 33 Color Registration 92
v 34 Quantization 87
] 35 Spot Size/Shape/Spread 36
36 Uneven Line Resolution 86
3 37 Luminance Yariation 84 .
‘ 38 Phosphor Decay Time 80 :
! 39 Color Fringes 80 :
‘ 40 Color Variation Within Display 76 ,
4 Vibration 75 ;

. i " .-.AA,:Q.,E e e toen,
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Aliasing

Magnification
Scene QOverlays and Inserts

dinocular Deviation/Binocular Image Size
Differences/Dipvergence

Visual System Lag/Update Rate
Color Differences

Scene Misalignment

Temporal Intensity Fluctuations

Lateral Vergence/Image Distance and VYariability/
Collimation/Image Distance Error

This list formed the basis for the literature search and data
evaluation tasks. The results of these tasks, in turn, led to tne
development of experimental designs for those system characteristics
for which data were found to be inadequate or insufficient to use as
a basis for recommending definitive visual simulaticn system design
criteria.
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LITERATURE SEARCH AND EVALJATICH

LITERATURE ScARCH DEVELOPMENT

The liztarature searcn was initiated with a comocuter-based searcn
through the services of the 3o0eing Aerospace Technical Library. OQOver
130 information data bases were accessible tnrough the iizrary's con-
tractual tie-ins with System DJeveigpment Corporation, _ockneed Infcr-
mation Systems, DJefense Jocumentation Center, laticnal Aercnautics ing
Space Administration, and the lew York Times Informaticn Sark. Ysing
"xey words’' the visual system characteristics deveicpel in the Igncent
study, and adding some combinations of general descr pters such as
visual simutation, visual systems, visual distortions, ang “liant si—.-
Tation, the computer-based search assessed sorething over 2000 ni¢las.
The 2bstracts, orinted cut 7or most of these reports “n tre zimoutser
search, were reviewed and tnose appearing relevant to tne stucy were
ordered. Qver 350 reports were initially requested, witn supplemenzai
requests for nearly 200 additional reports being made as a resy': of the
examination of reference lists of acquired reports, or frocm the othar
aspects of the literature searcn.

as

The second aspect of the literature search was to review analyticial
and experimental work, which had been conducted by the contractor 2itner
under ccntract or with in-nouse research and development funcs and wnich
was relevant to the visual simulaticn design problem. This irncluded
psychophysical studies of various aspects of vision, such as visual
acuity, stereo acuity, target acgquisition, chromcsterecosis, cycio-
phoria, photointerpretation, and related performance tasks such as
aircraft approach and landing under a variety of conditizns, including
night/dark “ield, sloping surrounds, distortion windsnieids, etc.

In addition, extensive experience nas been gained over the pas:
saveral years by principal members of tnis contract team in direct
suppart of investigations of visual simulation systems ‘eacing up to
selection of the system for the contractor's Flight Crew Training si-u-
tators. This is an ongoing suppor: effort, with evaiusations curren’:
being conducted for near future visual simulation reauirements.

The third aspect of tne literature search was to jather daza nc:
availabie in the published literature., This was done througn visits and
fsersanal commynications with other investigators conducting relevant
analytical, developmental, and experimentai 2fTor<s. <Zarly in tne Zon-
tract period, a trip was mace to eignt visual flight simuiation “acili:
ties around the country. This visit served to 2statlisn a broager link
with researcners and simulation facilitias of variedl :yoes and also ¢
increase famil<arization wi<h the unique capabilities and '-mitations of
the different visual simulatior system concepts and 2quicment erplioyed
in these facilities.




LITZRATURE JATA EVALUATIC

The literature search task involved not only the acquisition of
repor*ts, out the evaluation of these data as to their validity, reli-
ability, and relevance. [t was recognized that tnis task was important
in developing design guidelines that cculd be used with confidence by
the Air Force for selecting design specifications for, or evaluating
designs of, future visual simulation systems. ‘dhere there was an atun-
dance of relevant data, the most comprenensive and relevant reports were
selected for summarization.

In approaching the literature, the procedure was to compile work
lists of all available references which might be relevant to each craric-
teristic. From reviewing the abstracts, the studies employing tne
aporopriate type and range of independent and decendent variabies «ere
selected for detailed evaluation of the ccmpiete report. The “2llcwing
list contains the evaluation criteria used <2 astaniisn 31 level 3¢
confidence and utility for the data in each reoort.

Evaluation Criteria:

1. Were the levels of indegendent and depencent variasles .sec
directly applicabie?

2. How sound was tne dasic experimental des:igr?
3. Were intervening or extraneous variables acequate'y c¢consr: ‘z2o7

4. Did the type and number of observers or S.u2;ects used mace <re
results generalizabla?

3. Were tne zasic assumptions of the exper'mentil des in Tel!
A. dere <re statistical aralyses used apprcoriate and ccmorererstue?

.

How SCund ~as “he interoretation of <ne data and statist Ial
ana'yszs?

3 .ere <re 1onchusions war-ianted?

3. atat w37 e IZower 5¥ tne test ard reiiapility of the meas.re-

Ter ..
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LITERATURE SEARCH LIMITATIONS

Any literature search, no matter how intensively pursued, will
almost certainly fail to pick up all relevant reports, especiaily wnen
dealing with as broad a topic as the present one on psychophysical
criteria for visual simulation systems.

One reason for this is that some published reports are not acces-
sible under the keywords chosen to maximize relevant information re-
trieval. If the major interest of the author is peripheral to the
literature searcher's category of interest, the keyword list provided by
the author of the report may not include some words which would lead *o
its discovery by the literature searcher.

Another problem is the time factor. Work schedules force the
searcher to review that which is available on a timely basis. Finally,
the allocation of time to the literature search task may require a less
than thorough examination of the material in an area where there is an
overabundance, while an area where there is a paucity of information may
require much digging to find the rare article of significance to the
research goals.

Every serious researcher knows that the seeking of relevant in-
formation from the literature can be a never ending task but that
practicai considerations requirs that a cutoff point be established,
however arbitrary this may seem from the standpoint of thorgughness in a
technical sense.




EVALUATION OF RESEARCH DATA

INTRODUCTION

Phase [ of this contractual effort was organized around four tasks.
The first two, visual simulation concepts study and the literature
search, have already been discussed. The following sections deal with
the evaluation of research data. The fourth task resulted in the design
of seven experiments for Phase II (Appendixes C to I).

The following sections of the report discuss the evaluation of
research data and are organized about the nine major sets of character-
istics of the USAF approved prime list. The order of their appearance is
common to the scaling of importance. One deviation from this order is
the appearance of a section on Update Rate which is under the main
heading of Aliasing, instead of being a portion of VYisual System Lzg.
This choice was arbitrary, as from a visual standpoint it fits within
the concept of Aliasing. Whatever the effect of the interaction of
samplings. and digitizing, the observed effects are also a product of a
partial system lag.

In each section, an attempt has been made to assemble and summarize
the critical information from the technical, experimental, and develop-
mental literature. To illustrate the advantages and disadvantages of
specific design criteria for the improvement of the display and utili-
zation of information, an attempt has been made to translate into de-
signer and operational uses, the terms and criteria that come from
diverse professional sources. In the pursuit of completeness, an at-
tempt has been made to assess which data are missing and which portions
need analytical research or operational data feor the design of new
displays or the retrofit of current ones.

14




ST

ALIASING

[NTROCUCTION

The general problem called "aliasing” by engineers covers a multi-
tude of visual effects which visual specialists would classify as "anoma-
lies" and which are due to quantizing and sampling at various stages
during the generation, processing and display of television images.

The instructors and pilots undergoing training with flight simula-
tors fitted with visual systems have some very descriptive names for
these visual anomalies seen in CCTVY displays with computer generated
images (CGIs). Examoles of such descriptors are shearing, tearing,
flickering, creeping, sparkling, streaking, bouncing, oscillating,
racing, jumping, skipping, edge walking, and reversing.

The Potential Effects of Aliasing

The influence of these visual phenomena that are specific to the
Tine scan and digital quantizing of the displays has not been guanti-
fied. These phenomena are, at the least, annoying and create distrac-
tions which may interfere with pilot performance by causing frequent
short interval delays. Potentially, they can impose incorrect cercep-
tions of speed when they take the form of slowdowns or movement rever-
sals. They may also provide navigational and spatial orientation cues
where there are no real-world equivalents and thereby lead to “inter-
ference effects in transferring to the real world situaticns.” Such
interference effects are probably the greatest danger imposed by these
visual anomalies, especially if the artificial cues are Jearned without
awareness of such learning by the pilots or flight instructors.

An example of a potential source of a negative transfer of traiaing
would be present for a day scene with a CGI display with a line scan
system. For an approach and landing task, the runway would be depicted
as being ahead of the approaching aircraft, and in this hypothetical
sczne, the data base has a contrasting color (or luminous intensity)
field in the distance beyond this runway. This field covers a very
short extent beyond the runway's length but is quite wide {horizonta'ly .
[t is trigoncmetrically possible that the frontal extent of this “ia’d
could ccver only one raster line when the approaching aircraft is on the
proper glideslope. If the pilots undergoing training keep this fiaid in
view, they may learn by comparing this aspect of the scene with the
glideslope indication on their Attitude Jirection Indicator [ADI, =nat
{a) the field disdappears when they are below glideslope, and 'H) it
flickers (oscillating between two raster lines) when they are acove
glideslope. They now have a "head-up disolay"” or an cptical ilevar “amy
can use to maintain a proper descent path with less freguent referance
to their ADI. They may change the visuai scan among “ne instrumer:s
without thinking that they are using the visibility of *hat sarvicalar

field as a check on their proximity %o the glideslope  The intiructor,
without realizing that the oupil i3 using this "aid.” rares =hat sti-
dent's oroficiency toc hign. The 2iloz, subsequent "+ ~1i-irg, w0
not perfarm as ~eli on the "checx ride,” since zhis v .7 _ue & "1 - -
exist i1 the real world and 1t Teast this part af *v o Tedes WY man

nave 203i%ive transfar %o speraticra. flying.

.
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In addition to the aliasing cue, there is another ccmpiementary cue
that pilots might learn that orovides an excellent azimuth alignment
visual level on a CGI display <hat uses raster lines. The Feceral
Aviation Agency (FAA) specification for the markings on a runway include
3 centerline and two runway ecdge lines. The edce lines are solid white
lines that go the full length of the runway and are near the rignt- and
left-hand edges of the hardened surface. When the aircraf® is represen-
ted as being 5 miles out, and on a 3 degree glideslope, the representa-
ticn of the runway is relatively small. The "level of detail™ input
from the software is operating on the first or second of eight possibie
levels of increasing complexity. The edge lines appear to he described
by a series of short segments, 2acn made up of twWwo or three raster
lines. Zach of these elements is wri<tten at a different time due %3 the
digital inouts from the computer. These small temporal differences in
writing times gives the pilot the impression that the runway edge 'ires
are relatively dynamic. They appear to scinti’late, moving awav or
toward the airplane or flicker without changing position. t may soon
be learned by the oilot that the aircraft position controis the type and
direction of the apparent motion. If the aircraft is %o the left of the
runway centerline extension, the left-hand edge of the runway appears to
be moving from a distance toward the aircraft and the right-hand edge
line appears to be moving from the aircraft toward the horizon. If the
pilot changes the relative position, bringing the airplane closer o0 the
extension of the centerline, the rates of differential apparent movement
begin to slow. The apparent motion stops when the aircraft's position
is centered on the extension of the runway centeriine. If the pilot
overshoots the centerline extensian, ending up to the right of this
reference, the relative apparent motion of the runway edge lines shifis
direction. Then the right-hand edge line appears to move tcward the
aircraft and the left-hand edge line appears to be moving away frcm the
aircraft toward the horizon. Therefore, at a great distance from the
runway, the pilot can get azimuth alignment cues by watching this rela-
tive motiaon of runway edges. This visual ancmaly is useful in <ne
simulator as a pilot aid, but the transfer of the skill of usirg %tnis in
the real world is zero or negative. The visual cue is also specific %o
visual systems that utilize digital inputs coupied with raster line
displays.

EXAMPLES QF ALIASING ERRCRS

Zdges With Apparent Staps

The CGI daylight systems until 1273 were producing surfaces whose
sloping edges appeared as a saries of steps or "jaggies" (Schumacker 3
Rougelot, 1977). Figure 1 depicts this relationshio. Each pixel was
assigned a supra-threshoid luminous chromaticity that was based on a
single sampie of the scere spatially located at the center of the picel.

[f the horizontal Tength of each pixel is ¢reater than the resolu-
tion threshold of tne eye, then the aopearance will be of a step-wise
edge, as shown in Figure 1. In a3 zcmputer generated scane Zep’ciing
the distant norizon as a straight iine traversing the widtn of =he
1isolay, the horizon will be a straight line following a singie raster
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: Figure 1. Schematic representation of a jagged edge. v
( (Schumacker & Rougelot, 1977) ;




line. However, as the aircraft is banked and the horizon dips on the
left side and rises on the right, the horizon crosses many raster lines
and its apcearance changes. he line apoears as a series of steps
arogressing upward from left to right. This description holds only for
a steady state of right wing down. The dynamic changes in roll preduce
the perception of a phenomenal movement. Thne sawtooth-iike edges seem
to step in time such that they shear from the lef: %o the right, 2 non-
real but apparent motion known as the pni phenamenon. This apoarent
motion is due to a differential writing rate interacting with the dif-
forent raster line spatial position.

For any given raster line, each pixel is written from the left to
the right in an ordered sequence, s¢ the "sawtcoth" on the left side of
the display is written first, and the "sawtooth" on the right edge of
the display is written last. The individual steps in the sawtooth appear
then to be written in a moving fashion from left to right, and the
perception is that the steps are moving from left to right.

A Theoretical but Impractical Solution

One solution for this problem would be to have sufficient raster
lines and elements so that the pixel size would be less than the resolu-
tion of the eye. The vernier threshold at 6 foot-lamberts and more than
40 percent contrast is .04 arc minute. In a beam-splitter-mirror dis-
play with a viewing distance of 47 inches, this solution would require
27,512 raster lines and 36,684 elements per line. This would also re-
quire a 38.5 times reduction of the spatial extent of the triad in the
current 1000-1ine, 25-inch CRT. This is an impractical solution for
today's technology. The alternative solutions include reducing the
overall contrast of the scene, or reducing the sharpness of the gradient
of luminosity across the edge, or a combination of these factors.

Smyothing as a Solution fur Jagged Edges

Reducing the edge gradient in combined hue and luminosity tran-
sitions in the CGl image displays is called "smoothing.” This is an
effective solution obtained by displaying each pixel which is cut by an
edge as a blend of the _olors on either side of that edge. If two
pixels are cut, the mixtures would be 33/67 and 67/33 blends. Sampling
across three pixels would make the transition as 25/75, 50/5Q0, and 75/25
oroportigns from gne color to the next. Ffor a long horizontal edge,
the smoothing may Se a near-linear transition over a number of pixels.
Since horizontal elements of a raster line may have no interval between
them, "harizontal" smoothing is perceptually different from "vertical"
smoothing as the space between lines is generally visible and near-
vertical edges may involve only one element smoothing.

Interactive Effect of Smoothing on Resolution

Smoothing has an interactive effect on display resolution. The
distribution of an edge over more than ane element length decreases the
resolving power of the disolay as shown in Figure 2. A system whose
alement length subtends 2.3 arc minutes on the human retina and has a
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singie sampling 3t the midcle of the element will display an edge as
Irawn on the lert of Figure 2. 17 the apparent edge is at 30-percent
Tuminous intensity, <thnen a single element will appear to have *he riant
and laft edges 2.3 arc minutes apar* 1t the transition is smootheq
across three alements, tnen the smallest aispiayed distance Setween wo
adges cecomes 5.5 arc minutes, and f2r a four-element smoothing, the
minimum two-edge distance is 3.4 arc minutes. Therefore, system rsso-
iution speci-ications shouid <ake into account <ne effect of the elec-
tronic Sﬂoothwng technique and the sampling frequency per nixel [Kraft
% Shatfer, 1973;.

Interactive Zffect cof Contrast and Smecothing

L]

The jagged appearance of an edge will be maximized by high contrast
and cecrease w~itn lowered contrast., Apparent sharpness of an z2dge
incrajsas w~ith the steepness of the cgive curve describing the luminous
‘rtensity change @5 a function of spatial sevaraticn of the ninima and
maxima in luminosities. Holding the spatial distribution constant and
reducing the range of intensities produces a reduction in contrast and
in the apparent sharpness of the edge. Therefore, in a scene ccmposed
of small contrast differences, edge smoothing will affect the perﬂept'on
af the steps, making them either less noticeable or not discernisle at
all,

The Interactive Effect of Updata Rate and Scene Content

If a 1ine scan, digital computer generated system has refresh and
upcdate rates af 50 Hz the phenomena described in the following dis-
cussion are minimized; however if the update rate is 30 4z, these cheno-
mena will be observed. If the scene 2eing drawn contains lines *that
are parallel to the flightpath of the airplane, the edges of these iines
will appear tc be quite smooth if the airplane is proceeding on a
straight line. However, when the airplane begins to change heading at a
sufficient rate and *he angular velocity reaches a specific amount, <ne
appearance of a smooth vertical line now appears as a jagged line an its
right and left edges. The paradigm is like the image is made up of two
combs with every other tooth being represented by a different comp.
ahen one comb is moved to the T2ft and the other to the rwgn., the tins
of each of *the individual spines no longer form a straicht line. This
wou'd describe the appearance of the left and right edges. The siiopacge
in space is dynamic, a direct function of the anguiar visual velocity
gererated by *the movement of the aircraft relative to the scere. The
nearer the object in the scene is %0 =ne piiot, the greater ine zncular
/elocity for any common rate of turn. Two differential resoiuticns
exist w4ithin the scene until the turning movement returns to Zerc,

A di€ferer’ perception occurs when the aircraft remains on the same
heading and the 2i%t~h is changed. «nen the rate of change in o2i%cn
secomes ;uf“f‘nvr the steady transition changes to a step-wise progres-
sicn.  This is most noticzable when lcoking at norizontal elements. The

vertizal Tines are ~ot 3affected 8y this direction of mcvement. The
‘NTerictIon Setwesen tne siswer update rate and the desiction 2f small
36;ects 7 the s3Zene i3 reorasentad bv 1 phencmenal cCnange. First, tne
~1dtn 37 ftne srail cbhlact increases, then 17 appears as two elsments

[A9)
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instead of one. An example is when the scene depictis a runway and the
dynamic movements are thase of a takeoff. As the aircraft ga‘ns speed,
the runway edge lights will, at some point, begin to stretch ana tnen
break apart, and then become two 1ights. The space between tne Iwe
reporesentations will increase as a function of the anguiar~ velocizy. A
U

a 30 Hz update rate and a 29 foot eye neight, an aircraft speed 27 aco
116 knots will produce double images of runway lights 150 feet <o the
right or left of the cockpit. The double images are located in the

lower right and left portions of a 30 by 40 degree field of view. The
pilots may incidentally learn the relationship between V. srceed znd the
appearance of doubling of the lights and they could use this 3s a :-ue
for when to rotate the aircraft withcut reference tc the airspeec
indicator.

The doubling of the runway edge lights will aiso occur Qurin
taxiing maneuver when the aircraft turns from the runway onts 3
cent taxiway. This is true if the turn is a 50 degree turn and ¢
taxiing velocity is about 9 knots. Pilots could learn %o associa
amount of separation in the images of a single light with the ang
velocity of the turn and use it to their advantage.
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The perception of edge breakup and doubling of small objects is di-
rectly related to the angular velocity in the scene. Hiyn aircratt
speeds, ratss of turn, roll rates, etc. may occur without the piiot's
seeing this visual phenomenon. That is, for the same rates of turn,

near objects may appear to double, intermediately distant targets will
e

appear to blur on the left and right borders, and dis%ant objects il
appear unaltered (Table 2).

It is not known whether these phenomena have a negative effect or
transfer of training. Update rates are task depenuent, carticulariy in
the military situation. Angular velocities represented in the visuai
scene will be much higher for tasks like those assigned to the A-10 in
Tow level, high speed flight, in contrast to the approach and landing
rates of military air transport. Even more extreme, high angular veioci-
ties #i1l occur in air-to-air combat. The advantage of using a faster
update rate will be that the simyiator and its visual scene can e used
for more tasks. However, the disadvantage is that the amount of com-
puter capability will nave to e increased to gain a 60 Hz update raze.




Table 2. The influence of a 30 Hz update rate on the
appearance of lights and smail objects (£ 3
arc min) in 1000-raster line displays (values
in table are in degrees)

|

JAircraft |Distance From Pilot's Eve to Small Object in Scene

'Speed
'in Xnots | 50° 100" 150" 1000’ 10, 000"
100 6.42 3.22 2.14 .322 .032
150 9.58 4,82 3.22 .4s, .048
200 | 12.68 6.42 4,29 .644 .064
- .l * *x s

* 4i11 appear as two objects instead of ane.
** Width of object will appear too large.
w#** Object will appear unaltered by speed.
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MAGNIFICATICN

SNTRQDUCTICN

“agnification of a CGI remains a point of discussion among soecial-
“sts in vision and equipment designers. The gcal! is to provide a (3l
‘mage ~ith a specific display that permits the greatest amount of <trans-
‘er ¥ training from simulators to the real world. The design of a
zerzain “ield of view for a display system may bde achieved by magni‘ying
tne 7 image to fi11 the angle subtended by the display. Whether <he
~egulting magnification of the image is acceptable for training may
tecend more 2n the representation of relative sizes of obiects and their
‘~sarreiationshios imposed by the dynamics of motion in real time, than
o~ tre 3550 ute image size, This section discusses some af the nossidie
*m3 22t cns of magnification in display design.

The three aspects of magnification to be considered here may
orocuce cerceptual effects in a visual simulation system: ({a) Uniform
magnification within the optical system with image size correct for the
object size and distance portrayed, (b} Uniform magnification of a scene
to an image size larger or smaller than that dictated by the size/dis-
tance relationship, (¢) Non-uniform magnification, in which objects in
some areas of a display are magnified more than objects in other areas
(i.e., distortion).

Optical Magnification

The first type to be described has been termed "optical” or "instry-
mental" magnification (Bartley, 1951; Miller & Bartley, 1984; and Lums-
den, 1977) and may be found in visual simulation systems when a "too
small" scene is magnified by the transmission optics (usually in the
interest of expanding the field of view of the display). Under this
condition, it is assumed that there are no specific distortions of the
image; t.e, the image has "geometric equivalience" to the "real" scene.

The optical magnification problem is relevant to systems which use films
or physical models, such as model boards, for the original scene construc-
tion and may or may not be a problem in CGI systems.

The perceptual effect found wi.i optical magnification is a "“lat-
tening" of the third dimension of the scene, i.e., a compression of
perceived depth in the scene with resylting apparent distortions of
*aree-dimensional objects in the image. This effect occurs wnether the
scene is5 real or a two-dimensignal representation, sucn as a fiim. The
cause of this reduction in the perceived third dimension is that magni‘y-
ing the image proportionately enlarges all portions of the scene and
objects within the scene. Thus, if a 2x magnification is used, both
"near" and "far" objects are doubled in size in their two-dimensignal
representaticn. In the real worid, the equivaient of magnification
would Se <0 move closer %o the scene, and in the orocess, ‘near” and
“‘ar" objects do not increase in size (visual angle; in the same oro-
sertion since “he reductions in distance are, respectively, different
ratigs.
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.70 27ngs Insists 3T:ig

The apparent aistortion in cbjecIs suin :

2

of a compression of 2eoinh wnich appears %0 31.72r Tne INCUIAr Ir LRCTeTr--
cal relationshions of intersecting nianes cr acdges. Tnis sercel/eq
distortion can 2150 e found in two-.'mensitna. snaces wntcn fave 3 -
axis compaonent, such as a runway outline viewed zn “*na’ approacn “~ 2
simulator. In this situation, the comcression of Zdeotn transizlgs "~

a tilting or slant of the runway plane, with *ne Far ond tii7ed uo

{closer tc tne chserver). ?igure 3 denicts this relationshiz, ~izr “re
ubper figure snowing the olane both as viswed naturally at “ull distzrce
and as viewed with cptical magnification, and with th ?cwev fizure
snowing the olare visawed naturally at a closer dista 4 is

sncw the ser-

n
<ne angular reiaticnships of oianes A8, YY, and ij, 5‘,
ifiad plane.

seived digsartion n zhe slant of the oob.“a.Iv Tagn

The rurway s'lare

2istortion s oewnass the nost sa2ricus f23e re-
suiting from optica: magnits

“zation, and wnile this effect nas oSeen krncwh

for some *ime 3artiey, S1;, no definitive data nave been found t2
astablish cetection *thresnolds. However, there are some representative
data on the thresngld Far the detection of slant under unaided viewirg

conditions. In a s<udy 2f 'geographicail’
and Cornsweer 1382
slant to se astou-®
more cefinitive ¢
nas bLeen deveiczpe

versys "optical" stant, Gizscn
recorted standard deviaticns for the judcments of

2 Zegrees and 6 degrees respectively., To orovide

a. an experimental design fcr a nsychophysical study
an< is inciuded in dppendix I.

Sirce the affacts of optical magnificiticn Zo not include distor-
ions or degrading of ‘mage cuaiity in the usual sense, 1% is antigi-
aayed that there wiil be no attendant visual stra’ 1, fatigue, or visua’
tolerance levels, There may, however, Se vis.a'l Zisarientation or

confusion with axtreme cases of magni<icaticn.

Size Magnification

The second type of magnificaticn of concern “n visual simylation
system design is that involving uniform magnificaticn of the cveral!
scene such that the visual angle subtended oy depiczted objects is grea-
cer than the angle dictated by the size/dis%ance reiationship repre-
sented. Such magnification may resyl< ‘fom so0oriv controilad desize
features, such as imoroper eye-to-display distance or improper 2bject-
to-magnifier distance. Ffigure d {from Sanz}er, 19710 depicts tne
relationshio between eye-to-lens distance and ‘mage size “or varisus
object to-lens distances. The percentua; 2¥7ects of such magnification
are linked to size constancy and perceptual size-distance rejaticnsnios.
Conseguently, no general detecticn or toierance ¢riteria can be esta
1ished; the serceived effecis can be described 2niy in the Zontext :
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!
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the specific viewing conditions and scene caonstructs such as ievel
detail or texture; and even with such speci®icity, inagividual d“*e
ances in percention make attempis at the establishment o7 Jdetecticr
tnrasholds 2%c. a very tenyous prcoositisn. “evertneiess, this sub/2ct
is discussed ‘n more Ze=ail in the section on Lateral Vergence o'l
tion/ ‘mage Jistance.
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Figure 3.

The upper figure shows a runway plane as viewed naturalily
(abNAB) and under instrumental magnification {yxNYX), compared
with the runway viewed naturally but at a clgoser distance
(a1b1?1A1B1). as in the lower figure. (Redrawn from Sartley,
1951.
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Figure 4. Relationship between vilot's subtended visual angle,

object distance, and eye-to-lens distance for a 81-cm
focal length lens (Ganzler, 1971).
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Non-Unifaorm Magnification

The third type of magnification or intarest nere invoives dis-
tortion of the image, in wnich some oScorticns of the image are magnifiea
more than other portions. Generially, this res:iits “rcm res®dual dis-
tortions of the barrel or pincushisn =ype, altacugh sy~mmernrical mert-
dional aniseikonia also can he at faulz. In most cases these distor-
tions appear unequal to the two eyes cue 0 the di“ferinc off-axis
positions. For these cases, fthe crizeria developed in the secticn on
Image Size Differences are most applicadle.




SCENE OVERLAPS AND INSERTS

INTRODUCTION

The extensive maneuvering reguired of military aircraft in air-to-
air engagement requires a much larger field of view than that for
approacnh and landing. The F-15 and “aggressor’ squadron pilots training
in the maneuvering range nave found that the first visual acquisition of
the "foe" is almost essential for survival. Radar may assist the piliot
in narrowing the field of search, but visual acquisition is necessary to
gain early position and attitude information. Once acquired, vision
remains the main source of information about the other aircraft's speed,
direction of movement, and attitudinal changes that are the precursors
of each maneuver. The "friendly’ and "aggressor" fighter pilots are
emphatic about their reed for "the largest possible” field of view for
aerial combat.

The AFHRL Flying Training Jivision at Williams AFB has provided
quantitative measurement of the relationship between fields of view and
pilot performance in terms of circular error in bombing {Cyrus, 1378).

t was found that the larger the field of view, the smaller the circular
error. The trend in flight simulators designed for the training of
fighter pilots is toward incorporating visual displays of very large
fields of view and accepting lower general resolution {with the exceo-
ticn of inserts of the "other" aircraft) as a necessity imposed by <he
current state of the art.

Requirements for simulators of large aircraft, bomber, cargo,
tanker, command post, airborne early warning, and air-to-surface patro)
types include an out-of-the-window visual simulation capatility with
large fields of view. Refueling of these ajrcraft is one task that has
the face validity of requiring a large field of view. Air safety along
heavily travelled routes and in air terminal areas with high density
traffic may also be improved by the larger fields of view.

Field of Yiew and Resolution

To generate images for wider fields of view with special television
or CGI technigues generally reduces the line width x element resolution
as 1llustrated in Table 3 and Figure 5 (Kraft & Shaffer 1978). However,
ajr-to-air and air-to-ground visual tasks of aerial combat, reconnais-
sance, and attack all require high resolution systems. The technique of
providing “area of interest" inserts in displays becomes a logical moce
for solving the tradecff between field of view and resoluticen. This is
fosterad by the theoretically unlimited number of channels that mignt be
generated in CGI systems to cover the large field. To also incorporate
very nigh resolution simultaneously in all areas of the display is not
cost effective, considering the computer storage and display reguire-
ments to have all the "edges" or "polygons" necessary for high resolu-
tion and great detail througnout a 200 degree x 360 degree field of
view.
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Visual Resoluifon In Arc Minutes
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Table 3. Interrelatignship of visual resolution and
field of view for a 1000 1ine visual system.
(Kraft & Schaffer, 1978)

Visual Resolution

Field of View (in arc minutes)

(in degrees) per line pair
Vertical X  Horizontal Vertical x Horizontal
10 X 15 0.8 X 1.0
15 X 20 1.2 X 1.4
30 X 40 2.5 X 2.8
36 X 48 3.0 X 3.3
60 X 80 4.9 X 5.5

7.0

5.0p

4.0p

2.0p

1.0

0 20 20 80 80 100
Fleld of View 1n Degrees

Figure 5. Interrelationship of visual resolution and field of view

for a 1000 1{ne visual system.
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THE GENERAL PROBLEM OF INSERTS

The degree of attainabie realism in a CGI scene is neariy limiz-
less theoretically. However, practical limitations, primarily in ;
computer capacity, force the purchaser/user %0 settle for sometning R
tess than the near perfect simulation. The compromise may be %o cgn-
centrate the high level of detail in certain areas of specific interest
while allowing other areas to be shown in lower resolution. In an air-
to-ground target acquisition task, for example, it is wasteful =c
assign as much computer work to the sky as to the ground area. Furtner
refinements on this general approach and some attendant probiems are
discussed in the foliowing paragraphs.

The problem becomes one of producing a display system which can
take full advantage of CGI signals, provide adequate luminous intensi<y,
realistic scene movement and velocities, large field of view, and an
area of interest with high resolution. Then the major problem snif:s
toward placing, stabilizing, and matching this area of interest to the
pilot's line of sight, maintaining in real time the high resolution
image on and around the fovea and phenomenal macula. Inserts success-
fully slaved to the line of sight would be an ideal solution for ail
visual tasks. The concept of slaving the area of interest to ground
targets is theoretically easier to achieve; nhowever, the area of hign
resolution would be easily recognized by the pilot. The main c¢isaa-
vantage of target slaved areas of interest becomes evident, in that
easily discriminated patches of high quality images would provide ex-
cellent cues for where to search for a target of opportunity. Thus, tne
most difficult and time-consuming aspect of target acquisition is arti-
ficially aided to the point that target acquisition becnmes a target
recognition task.

Insert Slaved to Head Position

The present state of the art permits slaving the insert to head
position. Remaining problems include system lags wherein the final
phases of positioning the image after a head motion (approximately 10
degrees or more) are visible. The saccadic eye movement made to track
this final scene movement overshoots the final position and comes to
rest beyond the final stop position of the scene. Then a new reverse
saccade centers the fovea on the now staticnary point of interest.

Head and Eye Tracking Combined to Drive Insert

Incorpaorating eye-tracking devices within a helme*, to ada eye
tracking to that of head tracking, is currently not within the state of
the art. Although this would represent the ideai control of a high
quality insert, there are a number of major iimitations that must be
overcome before this solution becomes practical. For exampie fighter
pilots who pull high Gs in combat maneuvering avoid any additional
weight or structure on their helmets. Their search patterns are sicwec
and tne canooy is scratched by existing heimet attachments during the
gross head motions used in the fast wide field scanning that are zar< of
air-to-air engagements staged at the maneuver ng range. Also, current
eye trackers which are capable of %he necessary accuracy and speed ire
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laboratory :toois, mounted on rigid olatforms, and requiring hours =2 set
up and calibrate for sach observer. The systems are not adaptapie %0
all individuals because pupil size, corneal curvature, etc. ares not
always compatible with the equipment's capabilities.

Some Specification Information on Inserts

An insert that is rotated from vertical or horizontal without any
reference as to vertical or horizontal in the peripneral area surroun-
ding the insert still must be within 1 degree of vertical. Alluisi i
Muller (1956} nave shown that the vertical and horizontal c¢rientation of
a line can e used as an error-free coding category within <he limit of
1 degree. The arror-free zones cf inclinaticn as a coding category
become Targer out to 45 degrees, then decrease in a simiiar manner unti)
30 degree rotation [horizontal) {s reached. Visual acuity data 21so
illustrate a greater discrimination in the horizontal and vertical
meridians than are to be found along the oblique meridians.

Ogle (1962) indicates that the directional values of the retina
indicate a "pincushion" type of discrepancy. If the insert has strong
horizontal or vertical elements within the scene, those off the central
Tocus will not seem horizontal or verticai as do the other elements.
Thus, the horizontal elements in the lower half of the scene will appear
rotated sligntly counterclockwise in the lower right quadrant and cliock-
wise in the iower left guadrant. The upper quadrants will be mirror
images of this apparent rotation, i.e., as though they are hinged at the
horizon.

Raster Lines and Inserts

Raster lines that have a horizontal orientation will previde easily
discriminated cues of angular misalignment of inserts. That is, an
insert presented in a homogeneous field must be within 1 degree of
horizontal to be discriminated as horizontal. When the surrounding
field is also made up of horizontal raster lines, tne discrimination of
matching horizontalness of insert with fieid becomes a vernier acuity
discrimination sampled at both vertical edges of the insert. Mismatched
edges of raster lines of high contrast may be discriminated at iess than
0.05 arc minute wnen the juminance level is between 1 and 10 foot Lam-
berts {Farrell & Bcoth, 1975).

Differences in density of raster lines will be discriminated as
contrast differences when the individual lines are of a widin ana sepa-
ration that approximate the visual threshold of resoiution. The iines
will be judged as visible near a modulation of 0.013 when the iuminance
is near 10 foot Lamberts. Adjacent gratings comprising two divierent
raster densities will be discriminated as insert vs. “ieid when %n
contrast difference is greater than 2.% percent.

Jertical vibratidn that is perpendicular t¢0 the raster lines «il}
reduce tne visibiiity of a high contrast grating. An inser® of nigh
quaiity (1.3 arz min. resolution; =nat matcnes the “ield in apparent

contras: ~i.7 cecome visible as an ‘nsert of a different zconirast T it
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vibrates with a peak-to-peak amplitude of 1.0 to 1.75 Hz for freguencies
of 20 to 120 Hz. These just discriminable contrasts would apply to
sti11 scenes shauld become less visible with moving scenes decause the
image quality of both field and insert become less as the phosphor smear
increases due to motion,
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BINCCULAR JEVIATIONS AND IMAGE SIZE DIFFERENCES

INTRODUCT 1ON

Oistortions or deviations in the ray bundles transmittad frcm a
single scene to the two eyes of the observer (biocular systems) may
produce perceptual effects which are unique and/or 2ither more or lass
Ssevere than those produced when the two eyes receive separate imacge

packages. Visual systems such as helmet-mounted or stereoscopic displays

often present basically different images to the two eyes, thus requiring
both physiological and central integration of the separate images.
Although the subject of stereoscopic displays or imagery was, Dy intent,
not a part of this effort, it was felt that some characteristics of
these types of displays were legitimate areas of concern in this araly-
sis of binocular effects. In fact, the monoscopic, oiccular systems of
most concern to us are "stereoscopic" to the extent tnat different
images (via system distortions) are presented to the two eyes. There-
fore, visual system characteristics of such systems, exceot those which
are primarily associated with stereopsis or with image depth effects,
are included in this section,

Among those binocular visual system characteristics which may
produce noticeable or bothersome effects are the foilowing:

1. Horizontal and vertical disparities.
2. Image size differences (differential magnification).
3. Binocular image distortion and astigmatism differences.

The perceptual or visuo-physiological effects which may be experi-
enced by the simulator display user are described in the following
sections, along with the presentation and evaluation of applicable data
derived from the literature. Each binocular characteristic or effect
elicits unique or significantly different perceptions or reactions frcm
the observers.

HORIZONTAL AND VERTICAL DISPARITIES

Oistortions in optical systems which produce severe binocular
deviations or aniseikonic effects are Tound infrequently in modern
technology systems; although, they occasionally result as a side effect
of design features requiring compromise in the guality of the image. An
analogous example is found in the design of some recent aircraft wind-
shields, in which the reguirements for bird-strike protection and com-
plex curvatures result in aniseikonic and astigmatic binocular images,
as well as in more random ray deviations. The question of whether the
visual simulation system designed for flight training for this aircrafi
should reprcduce these anomalies, through scere cr cpticail system degra-
dation, is an important one Sut not within the scope of this contract.
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A more relevant example would be the refractive doublet virtual image
systems (shown schematically in Figure 6§ from Kanlbaum, 1977) in which
aberrations, particularly chromatic, can be a major design problem and
where binocular differences in magnification, astigmatism, disparity,
and apparent image distance may affect perception.

In distortions categorized as binocular deviations, all correspon-
ding parts of the two (left and right) images do not fall on correspon-
ding points on the retina as is basically needed for single or fused
vision. However, precise points of correspondence are not necessary,
since locations falling within a small area ("Panum's area") surrounding
the corresponding point also result in a single binocular image. Al-
though there is scme controversy about whether these areas represent
true physiological relationships or are artifacts of resclution limits
(LeGrand, 1967), the effect is to facilitate single binocular vision.
The extent of these areas (sometimes referred to as the disparity thres-
hold for diplopia or DTD), as measured in the horizontal me-idian, was
found by Panum to average 15 to 20 minutes of arc (Borish, 1970).

Carter found the size of the area to vary from 6 to 15 minutes of arc at
the fovea to 30 to 40 minutes of arc at a distance of 10 to 15 degrees
off the fixation point (Borish, 1970). Also, Shepherd found the size of
the areas to vary from 5 to 26 minutes of arc horizontally to 3 to 4
minutes vertically (Borish, 1954). A spatial representation of the
binocular single vision region for data reported by Ogle (1962) is shown
in Figure 7 . An increase in the extent of Panum's fusional areas with
peripheral visual angle is shown in Figure 8.

Optical distortions which result in binocular deviations exceeding
the above limits may produce perceptual effects including double ima-
ging, retinal rivalry, accommodation changes, blurring, and changes in
apparent depth or distance of scene elments. The double imaging or
localized diplopia may be suppressed for many observers by the influence
of the dominant eye, in which only the disparate image to that eye is
perceived. In cases where the disparity is less than the diameter of the
scene element involved, blurring of the element may result if there is
incomplete suppression of one of the elements. One of the most inter-
esting of the perceptual phenomena resulting from localized binocular
deviations and/or distortion or accommodation differences is discussed
in a later sectiun of this report,, and involves a binocular montage in
which a "good" fused image is extracted from two degraded images.

Only limited data have been found on comfort, visual fatigue, or
other decrements in visual performance as a result of binocular devia-
tions which involve a relatively small portion of the displayed scene.
Some recent data indicate that localized, binocular deviations can
affect pilot performance in a flight simulator (Kraft, Elworth & Ander-
son, 1978). Vertical and horizontal components of binocular displace-
ments in the image were determined utilizing measurements of the ele-
ments in a resolution target photographed through a simulated windscreen
panel. Binocular deviations were measured for four levels of image
quality panels which were placed 'n the windscreen frame in a 727-200
flight simulator. The two groups of pilots (eight in one study, six in
the other) flew straight-in visual approaches while viewing the CGI
visual runway through the distortion panels. Figure 3 shows that a high
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33 Vimit Yor vertical disparity cof 1
cecrmendad & tolerance levei af 15 arc m

in avaluating *“ne offects 3f tizal diszaricies, .t s imporTant
to note *hat in normal, natural v° s.cn oplects seen a: relatively :icse
distances prasent vertical disparities ‘3r 211 ~oin:s atove or zeicw nhe
visual plane, except tnrse falling in the median nlane (Jgle, .:52‘.
That these off-axis disparities do not ormax«/ sroduyce hHotnerscrme
rivalry or diplopia can be attributed, at least partialiy, to the fac:
that visual acuity decreases ranidly, and Panum's areas increase w'th
increasing distance of the object point frcem the fixation point. In
Ogie's study of vertical disparities and denth derception, it was obser-
ved that tne stereoscopic depth perception was maintained even wnen the
disparities were large enough to cause a doubling of the images. Figure
12 [“rom Farrell % Beoth, 1975) presents data from four different
a¢perirentars that were summarized =y Mitchell (139€6). As can be szen,
there is considerable variance in the findings for the vertical dispar-
ity limits of singie vision and in the rate of increase as a function of
distance from the fixation point.

Except for the previously discussed questionnaire data on discom-
fort with vertical and lateral disparities gathered by Kraft, et al.,
‘1578), Gold (1372) reported the only other data found on ccmfort levels
with vertical disparities. As with diverging lateral disparities, a
recommended imit of 3.4 arc minutes was designated for vertical dispari-
ties.

Jertical Misalignment

In visual simulator designs, such as the refractive doublet virtual
image system, distortions are less likely to produce bothersome discari-
ties in locaiized areas as they are a more generalized shift in binocu-
lar disparity or vergences as the head is displaced horizontally off the
primary axis. Using the gecmetric relationship depicted in Figure 13,
Kahlbaum {1377) calculated generalized horizeontal and vertical dispari-
ties for diffarent lateral head displacements and for various field
angies for tne refractive doublet and also for a refractive triplet
system (F gure li) The data on lateral disparity will be discussed
under the tcpic "Latera: Vergence/ ;‘r'mation/Image Jistance Errer.”
<anitaum's calculated data or overall vertical disparity (Figure 15
indicate increasing disparity with increasing head displacement or with
increasing field angle. TRe maximum head dispiacement utilized was 3

-

zm, which resuized in caiculated ver<ical disparities of about 7.% arc

Chy

~inutes.

Sor two 2otimizad designs ‘or a wide-angle, multiviewer {viewing volume

cf T x 3 ¢ 1.3 feet) infinity dispiay system for flight simuiasors,
ot " Tay

Binenars 7377 reperted vertical disparity values ranging between %
22 Zegree. From the rear corners of the viewing volume, this range
ngreased 0 &£ .32 <egree
Tra zetarmintation oF detacticn threshelds and <olerance levels ‘or
jarnical misaligrment of the images %o the two eyes is an unpr°d1 tatie
Srogesitoon This is Jue, in part, to tne fact that in natural viewing
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situyations, tnere ngrma:ly is no vertical misalizrmenst oF <ne overz!
images, as compared 0 tne smail anag variac'e Zdisparities ‘ncucel ‘n
off-axis corticns of tne image. 1T w~0uld se predicted, trerefra, tnac
tne 2bserver wouid e Tore sensitive <o vertical misalignment tran o
herizontal nisa?f;nmen‘s Anere tne convarsgence) ‘diversence mecnaniim o7
the eyes is Tore Ir res: constant’y making 3cjustments n Tne intgrast
of fusion ind wnere norizontal disparities are accepted as faﬂrnseﬂtwﬂg
displacements in depth. Support for this Jrapcsitian is faund in zIne
vertical versus norizcntal extents of Panum’'s fusic nal areas .2 =0 & arc
minutes vertical vs. 3 t0 5 arc minutes horizontal, as reportad in
3orisn, 19540, Similar data were “ound :v Carrell and 3cotn (137 i1 a
oreliminary study of <ne varijaniiity in =ne vertical alignment of 3
stereo pair of images oy six observers. ﬂ\.ncugn adsotute aiigrment
errors were not available, indivicual szangard deviations rancing <«om

3.2 %0 7.3 arc minutes were found ~itn an average ¥ 2.7 arc minutas,

Tolerances <o /ertical misaiignment, on Ine Stner nand, may & TCre
than an order of mnagnitude ‘arger than trese “detection" tnresnoidls.
Crook, Anderscn, 3ishop, Hanson % Raben [1362) reogrted %“nhat w~i=<n “on
adaptation periods and dedicated cbservers, satisfactery fusion ccuta ze
maintained with up zo 3 degrees of vertical misalignment. Aarker 3ng
Henderscn {1856; reportad an unsubstantiated finding of satisfaczory
vision with up to 1 degree of ver<cical misalignmant. In reperts Trenm
cases in a refraction clinic (Bureau of Visual Science, 1333}, % was
reported that blurring or dcucling 0f the image typically occurred in
the 34 to 132 arc minute range of dipvergence. 1% should te notecd,
however, that in the clinic situation, visual discomfort w~as often
experienced w~ith vertical m1sa1* nment vaiues telcw tnese levels.

Ive!

£as<, ‘n tnis case
mined in the s<tuay

The effact of vertical misaiignment an 1
=
tne reliative response
r.i
e

3
a simple relative distance stereo <a2st, w#as 2
by Harker and Henderson \L°56). Figure 13 Zep
time and relative error rate for tnree jevels
0, 17, and 34 minutes of arc. Zeirimenzal off
dependent measures for both 17 and 4 arc minu
ment.

<

1 misalignment;
nCwn 30 S0tn
rtical nisalign-

It should be noted that vertical n‘ igrment 0f imaces s zar-
t1a‘1/ compensatad €or by fusional mev 5 ¢f <ne eyes (d.ovnrﬂnrco‘
~n1cn serve tO reduce the misaligrment t: ~‘:nin fixaticon aiszarity
limizs. The ampiitude of Fusionai “overents 15 Jecendent upon severa)
factors, ameng them *he complaxi<ty 2 Tne stimyii, observation tive,
ingividual varianili<y, the amount 2 ‘mage 7nisaligrrment, inc ne vizla
field Tocatisn ¢f *ne disparate siimu T~e affacts of trne Tatier Twe

([)

(D
lD w

factors are sncwn in Figure 17 [from iloern, 1362). While <hese Tusia-
nal movements may tend to reduce tre efects 9f image misaliznment on
visual performance {acuity, stereo, target Zetaction, etc.), tneyv will
increase *the srocability of observer discomfort, eye strain ana ?atigue.

image Rotaticn ZF€farances

Tnoadaizicn %2 image misaiianment in tne norizsntal ind ser<ical

Teridians, ‘% 15 20ss3i2ie that a cocmbination :? Tnese Two Misaiiznments
may axisT tnat Zan ce descrized as 31 rotaticnal misalignment v 2iSer-

17
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snC2 Detween the images to the two eyes. Such 3 rotaticnal <ifference s
~ot Tikely to be large enough to be significant in monosconic, ziccuiar
'$piays, but may occur in dinocular systems such as helmet-mcunted

€1 ot

‘$oiay systems.

Since rotationail misalignment can te broken down intc vertical ang
nzrizontal components, it is not unreasonable t¢ consider the detection
-nrasnolds and tolerance limits for these components t0 be applicabie <3
~ctational misaliconment. From this standpoint, and since vertical
nisaiignment is genwrally more critical in terms of effects on perfor-
nanca, discomfort, an' sye strain, it is reasonable to use these values
37 <2ntative rotationa. thresholds and tolerances.

The horizontal component of rotational misalignment should te given
soecfal consideration, however, because of a unique relazicasnic not
ie2n in cases of simple vertical or horizontal wisai*;nrer:. Jorosite
rozation of the two images about a central fixation point producas
norizontal disparities along the vertical meridian in which those displace-
-ents atove the fixation point are opposite in direction {and in per-
:2vaqd depth) to those below the fixation point. For example, if a
nin, vertical bar is rotated clockwise for the right eye and counter-
cizckwise in the image to the left eye, the 1ntegrated fused serception
'z 3f a single bar rotated in the third dimension around a haorizontal
ixv s through the fixation point or center of rotation, with the top of
tr2 sar tilted away and the bottom tilted toward the observer., Figure
{from Ellerbrock, 1954) depicts this situation. Tnis tilting of the

o
3 (ks

anzo-parallel plane is most prevalent with a vertical stimulus such as
lTine or bar and least for a complex scene or series of horizontal
rs. For the latter case, the induced disparity is mostly vertical and

nsaquently the eyes tend to cyclorotate in the 1nter=st of maintaining
usion. The data depicted in Figure 19 (from Ogle & E£1lerbrock, 1946)
Plustrate the effects of increasing the number of horizonta] contours
and therefore vertical disparities? upon the cyclofusional movements of
she ayes when an oblique cross is utilized as a stabilizing stimulus.

"o and £1lerbrock found that under some stimulus conditicns, subjects
:r. i make very precise cyclofusional "corrections,” with standard

:av ations of less than 5 minutes of arc. |

L(J joY)

RELEREE (SRR & R W%}

e

In a study by Kertesz {1973), tolerances to image cyclorotation
neasured for a single line versus 30 horizontal lines, and for

.

lay field radii from 1 to 5 degrees. The results are depicted in
ure 20 (Study I) along with those (Study II) from an investigation bdy
* 11968). In this second study, observers were asked to eliminate :
ational differences in stereo pairs of a depth percention test. The :
=0 9Sth percentile error range (1.0 to 2.2 degrees; is depicted in

~ne “igure. Although the stimuli were considerably different in these

-0 studies, the results can be taken as illustrative of the differences

in detection threshoids versus tolerance levels for rotational errors in

sisplayed imagery. In a recent study of the effect of cyclophoria on

"ne 21i0t's perception of the runway plane (Kraft et al. 1973), it was
“1.nd that = 2 degrees of image cyclorotation oroduced significant

~irges 30th in the serceiveg depth relationship of verticaily adjacent
coso stimuii and in the 2stimated aporoach angle o the runway plane
ionve ! or "helow! glidesiope).
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JIFFERENTIAL “MAGNIFICATICON:
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“eacttya yirtual image systems, image size differ

. <5 Tay resy:t from jeometricai distortions having
“oooytic a2epicted in Figure 21 {Xanlbaum, 1877). Cf cou
~ije size “i¥ferences ’=n;se*mbr1a, may aisc resyit
““<zrance in the refractive power hetween tne two gves

sut tnese anomalies are iess fraquently found in 2ilot 3c“u'

c.e %3 tne visual screening process.  This analysis will e con-
©LoT Tmage 5ize differences and other aniseikonic effects or*”wna-
- Trme visual simulation system optics, bSut may also be zoplican]

catile
sw=rvers 4ith natural aniseikonia or with refractive Correcticon

he]
»)

Fliure 22 presents the findings of Ogie (1950) from a survey of 230
coiosozna ‘nstructar pilaots, along with the results raported cy Zwalt
s~ 3n 120 consecutive patients. Remarkably similar data are srnown
; »a 23 for findings by Burlan {1543) on two similar populations.
a can be compared with those of others: Burian {cited by luka-
1343} found that 33 percent of a student body exhibited measu-
unts of aniseixkonia with 70 percent of these having up to
- size differences, 23 percent with 1 to 2 percent, and 7 per
= naving more than 2 percent size differences; Juke-Zlder, n
timated that 20 to 30 percent of the popuiation wearing ;7
measurable degree of aniseikonia {Berisn, 1870.. At in
laimo (1954) reported an 35 percent incidence of measuradie
ta in 327 cases.

[

cen
-
L=

Sses

('D [41]

tn “anlbaum's analysis of *he refractive triplet, he found as much

rercent magnification differences with 3 c¢cm of lateral head dis-

 and witn a horizontal field angle of 15 degrees. The data for

a doublet and triplet, with both vertical and horizontal fiela

;<. 2re shown in Figure 24. Observations through the refractive

“= 2t resylted in no noticeabie loss in binocuiar fusion. <£ahltaum sad
.. "ination for the apparent lack of fusional disturbance as mignt ze
":=2 hy the recommended talarance 1imit of a 2 percent size di¢er-

: “yen in MIL-HDBK~141. It should be noted however, tnat size

"~ i-onces exceeding 5 nercent were found only in the case with hcrizZon-

©i0 7214 angles of 15 degrees.

]

L3

e detection threshold for image size differences nas -een re-

:: 2v several investigators. ‘LeGrand (1967, indicates that a Zis-
~< .25 percent can be appreciated by some observers. A detecticon

cranoc.a 3f about (25 percent was aiso reperited by severai cthers:u:n

Ces LENS, fischer 11924° ) Tscnermaw 13247 Herzay (1329Y, and 2mes

wnoana 2gle (19320,

~
- .

>-Z0ger and Abrams (1372 renort trat a size di<ference 37 2ne
teneriliy caused visgal propiems in the refraciion ziiniz, ana
3 ‘/ zonstdered as tne level wnere significant symptoms or effesct
it T23ast two design nandbooks, MIL-HDBK-141 19627 and Sceci€d
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A. Hempenius (1362}
difference for varisu

zations “or Mirror Stereoscopes oy S.
1 a

o
a limit of 1 %0 2 ocercent image siz
nt

o

instruments.

Image size differences smalier <nhan 1 percent may cause I
and affect performance. =Znoch (1373) reporzed that levels of
percent caused visual discomfort and constant variicle errcrs |
contour mapping %task performed Dy photogrammetrists, alinougn Ric
(1962} reported consistent visual strain likely only at levels ax¢

to 2 percent. Puig (1973) recommended a tolerance 1imit 2f Iwo
nercent after reviewing some of the above menticned rzpor<s.

With the space eikonometer develgoped by Ames (1

rorock {1%45) report sensitivities [standard dev
dif¥earences of .05 percent for <he horizontal n
ant “3r the vertical meridian.

g
i

e S ST =)

e

Toierance levels for magnification differences can Se relatec
the limitations on vertical misalignment as develcped earlier. Fi
25 (from Farrell % 30oth, 1975) provides the transformation of 3,
and 20 arc minutes of vertical misalignment {My) to image size ¢i€
ferences as a function of the image field size around the fixation
point. It can be seen that a vertical misaiignment tolerance of 1D arc
minutes and a critical field size {radius) of 20 degrees wouid transiate
into a size difference of atout .3 percent.

Anamornhic Magnification

When differential magnification is primarily in the hcrizental meridian
{anamorphic magnification), a distortion of the frontc-parallel plane is
observed in which the plane is perceived as rotated around a ver<ical
axis which runs through the fixation point. Figure 25 [from Juke-Elder
& Abrams, 1570) illustrates this rotational distortion fcr a right-aye
image size larger than that of the left eye {the geometric relations:nips
have been condensed by illustrating simply two different i{mage plane
extents, AB and A'3'). For the relative horizontal magnification in the
right eye [as diagrammed;, the right-hand portion of the image plane is
seen as displaced farther away and enlarged, and the lefi-hand portior
as displaced nearer and relatively smailer, The geometric axpianation
for this ogercapticn is shown Dy the image points "C" and "2' wnich
represent the object points in space necessary <0 oroduce tnese visual
angie relationships for the two eyes under normal, non-anisasiccnic
conditions. The plane "CI" therefore reoresents ine cerceived image
piane under norizontal aniseikonia.

It is know~ that this type of meridional distorticn 22
stereg acuity performance (<raf*, 1972 ¥ Kraf*, Anderscn, I w
Larry, 1977 It would seem reascnabie S0 hypothesize tnat targert
detection a:d motion detection <hresnolds wou'id 3150 Se af acs
the rationaice is less certain, as tne 2°f2¢% an stereg acuis
partially due to tne rotation ¢ <ne zercaived ‘mage Diare -
t0 non-corresponcence cof image Iontours. -“cwever, avilence
sossiaiiisy {s Found in tne resuiss 37 <ne siudiaes oy Crafs (1372 anc
<rafe et 3i. TI377). 3efare reviawing tnese “incing
<0 devalop %he raiationsnip 3f mericiaral aniseixont
ni€ication Cf ine image %o 3re aye.
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Geometric illustration of perceived spatial

distortion of image plane with horizontal 3
aniseikania {from Ogle, In The fve, H.Davson, 3
Ed., 1962 . as reprinted from Duke-fider, 1373
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As noted earlier, the perceived rotation of the image plane under
horizontal aniseikonia can be predicted by geometrical relationsnips,
and Ogle and 3oeder (1948) referred to this as the 'Zeometric effect.”
JYertical meridional magnification, however, results in an effect on
perception that is not as easily explained geometrically, and Ogle
(1938) referred to this as the “induced effect.” The perceptual effect
in vertical aniseikonia is remarkable in that it aiso is an apparent
rotation of the image plane about a vertical axis through the fixation
point. However, the direction of image plane distortion is reversed, as
if a horizontal magnification had been induced in the other eye.

Figure 27 presents data from four subjects on horizontal versus
vertical magnification effects. As can be seen, the induced effect is
similar, but opposite in direction, to the geometrical effect up %3
acout 2 odercaent magnification, at which point the induced effect tencs
toward a limiting value and then is reduced as 4ifferential magnifi.
cation continues to increase. In a detailed analysis of tne induced
effect, Ogle (1962) concluded that a psychological compensaticm mech-
anism was most likely responsible for this unique phenomenon.

One significant aspect of the induced and geometrical effects for
vertical and horizontal aniseikonia can be seen in their relaticnship to
overall or omni-meridional magnification of the image to one eye. These
effects would predict that the combination of horizontal and vertical
magnification in the same image should produce offsetting or nullifying
effects, i.e., rotaticns in opposite directions which would cancel eacn
other. This does indeed appear to be what happens, since overall ani-
seikonia results in very Tittle distortion of the image nlane.

It might be erroneously concluded that overall aniseikonia would
result in little, if any, decrement in stereo acuity. In fact, such is
not the case, as the following studies show.

Stereoscopic Discrimination and Aniseikonia

For a non-pilot population working on a stereoscopic discrimination
task, an overall differential size of the retinal image attenuated
performance significantly (Kraft, 1972). The effect of the right eve
having a 2 percent larger retinal image than the left eye lowered the
performance of eight observers viewing stereoscopic slides in a binocu-
lar microscope. The average score for this group of observers, with no
size differences, was eguivalent to the 82 percentile of a normal popu-
lation. With differential sizes on the retina, their average score was
Towered to the equivalent of the 65th percentile, a difference of 17
percentiles. However, the effect of having a differential magnification
in which the image was expanded along one, instead of all meridians, did
net significantly affect the overall stereoscopic skill of the observers.
These results were common when the meridian expansions were horizontal
vs. vertical, or 45 degrees vs. 225 degrees {see condi*tions 3 and 4 of
Figure 22).

The discomfort ratings Dy these eignt individuals indicated that all
conditions of differential retinal size gave discomfort. The aignht
subjects were asked %2 rank the three trials in each session as to whizh
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coneitions Dr”v‘:ed the greatast 2iscemtert "1.C2, 0 tne ieasst ais-
confort (3.2}, Tre orocsdures orovided 2iznt ~atings for tne ‘tratning’
ccndizion and sikT2en ratings were Siven Tor eacn 3T the experimental
conditions.  The r~esuits are seen in Tigurs 22, Six of the szignt sup-
jects axgeriercaed Tarkad ZJiscomfors.  Two of tre $ix aexperiencad near
nausea curing tneir Tirst session, ind Two sutfered only mile discom-
Tarw. Symptlims Aere descrited as eye Suit,' surning, watering 2% tne
eyes, and sustained neadache. Thera was some decresase in the Ziscomfars
as a functicn of 2xperience with the size lenses. The indication nere
is that “ne aniseixkinic variadie o7 overall size change versus merizic-
nai size change nay influence tne visual nervormance 07 a stereonscipic
%asx diffaran<iy *nan ~Ou'd ze precicied “rom the revorting 5F zoparent

2¥s%orticns or 1iscomrort.

These resuits w~ere used in developing the specificaticns ‘or the
visuail dispiays used in :7' 2ceing "1gnt triining simuliazers. with'n
“ne eye revterence anveicse = 2,237 Tateral, £ 3.3" vertical anc x 3.2
Tongitudinal space;, the rwgnu and left eye 1nage do not differ by
greater than 1.0 percent in size. The visual system nas been in ra-

op
tion now for 3 years and no ccmplaints have deen received accut heag
aches or other discomfort, and no perceived distor<ions have deen re-
parted by instructors or trainees. The coperaticnal exgerience therefore
suppcr=-s the use of the 1.0 percent aniseikcnia limit based cn the
oreliminary experimental s tudy.

Zffact of Maonification Distortions in Windscreens

{n an experimental study desigred %o ascertain tne influence ¢
macnification 2rrors in windscreens, a simiiar study was cncertaxen out
withcut the Jse of size lenses (Kraf%, Anderson, Ziworth, % Larry,
1377). The oa;ec:i/e was to detarmine whether qx‘Ferav"ai ﬂagni‘ica-
tion woulg 3i=er visual steregsqopic ser<ormance. Tritical Limen
Stereo Test was made with incremental size differences setween the riznt
and 1e€t members of the paired stimuli. Two sterecscopic 23irs at each
of four levels of size difference were mace; 2airs A and 2 were printed
so that tnere w~as czero difference between tne two images; dairs T and D
had 1.7 percent ircrease of one image aver the 3ther, pairs 5 and Y nad
3.5 percent, ind pairs T and F nhad 7.5 percent size differences.

For eacn of the four stereosconic pasrs, ine thresnold was ca'cu-
lated as a functicon of the mean size increase. 7The resuits indicated
tnat, for 2 group 37 six 2ilcts, *the averaje threshold w~ith equal-sized

images was 3.2 3ar< seconds, wnile 3 .7 p3arcent difference in si:ze
increased the *nresnoid to 1.3 arc seconds. For tne 3.5 jerce
differenca, %ne <hresnhold w~as 10.5 arc seccngs. The 7.5 percent size
change raised 4ne threshcid ¢o 29.2 arc seconds. This 3.6 <imes in-
crease in tnresnold with a magnification Jdifference setween the Two eyes
7.6 nercent raised the threshold 3aimost %0 the USAF 2110t accieotance
thresnoid of 32 3rc secords. If windscreen standards ai.cwed an 3
Dercent d4i€ference in magnification bSetweer any norizontally serarated
T2.2 %5 2.3 inches! areas of tne wincscreen, a 2iffarantial macnifica-
cign cetween the 2110%'s rignt and 27T aves wCu d ACTur wniln stcud
impose stereoscopic ser<ormance Zhanges 2quivaiant o Tnhat foung oo this

study 'Tigqure IZ).
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Condition 2
Overall Size
Difference 2% Condition 1 No Lenses
Larger R.E.I. Plano Lenses (Training)

Meridional
Lenses
Left Eye 1%
Right Eye 1.5%
Condition 4 Cond 3
®LE RE
REX ALE >

A ]As \ \ A A A

1.0 2.1 2.5 3.0

Greatest Least
Discomfort Discomfort

m
[{e)
=y
-3
D
o
w0

Scale of mean rankings as to visual discomfors.
(Kraft, 1572)
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Ancther way of assessing the effect of this magnification is o
convert these results into percentiles. The niiots performed an “re
zero size difference at the equivalent of the 34th percentile ‘equal =%
or better than %4 percent of the young college nopulation,;. With tne
1.7 percent Change in mage siZe, the percentiie drops ¢ the 33rd.

Adith the 3.6 percent change in size, the nercentile increases siiantiy
to the I7th. With the 7.6 percant size change. tne same 5ilots c<cu:d
discriminate depth better than only the iuwer Yifth of *he zollege zoou-
Tation (Z20th percentile).

The influence of the

1.7 percent change in image size for these
pilots imposed a 31 percentiie decrease in their performance. This
larger change, comparec¢ with 17 for the non-pilcts, may have its ex-
nplanation in the differences Letween these studies. It is therefire nov
advisatle to atiritute these resuits solely to differences between t“e
aon-pilot and pitot populations. The non-pilots were highly practices
visual uuservers, such 2S photointerpreters, and oh o'oorammerr~”ts,

“ne non-pilots usad very small photograpnic reproduL‘1cns of the image-y

and size lenzes to imposc the different image sizes. The 2ispiay device

Was a micrascope set for 15x nagnification. Compara®ively, the piigts
nad some inrrequent expevience At sterepsoopic used a Troposca
with 1.23x magnification and larger ohotographic ztions oF tne

u
stimulus materials. The size differences were In ated intg the
photcgrapnic images and the nurier of trials were 0 ourth as ﬂah/ 1S
the rnon-nilots made. The inciusion of data certaining <o the influence
of windscreens on pilot serformance is particutarly jermane in that,
for the F-111, tne comprund curved windscreen with a ei3-degree inc i in-
ation 1s part of zne displav system in this aircraft's simuiateor.

h1 Q-

ray se 2scecially relevdnt to Flignt itatian and for anich no
1rect 43ta have been uncgvered.  The re represented by the

Thnere are two weys ‘0 owhich effeat’ of horizerntai aniseikonia
ot =
JE UI‘I“”C 4‘193-,7(4']:?

QIC

. How does this tyne 3f “mage plane distortion af?ect “he
detection threshold for an approaching abject  aircraft)”

z. How does the rotational distorticn of the imag
the recognition of the divection of traveil of
moving nbiect raircratyl?

e olane affect
a detected

These two 1uest'ons form the basis for the design of the experiren<g

G

ian in Apnendives € to |

SUNICULAR TMAGE DISTORTICH AND ASTIGMATISM DITFERENCES

Accommodation 2rror, astiamatism and other lensatic aberrations
Nave nerceptyal 2ffects which are of concern in astablishing visual
system design oriteria. In this section, however, the discussion wili
pe enterad jpan the =ffacts of Jifferences “n o the amount or districu-

Lo oot distortiars, coliimatTon arenr, etc, suffered Lv
nAyEs tnotne twe wyes . o0 Yahlhagn Jdlculation of ast:i-
ULt A T ar e ha gtttk o ghen cena i dpring the postttons

47 =»f horizontal anisaikgnia contained in the Lxperimental Jesans sec-
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r images weras achieved. I =his effect can he

r 2l systems, then I w4ouid —e reasonable t zase
X an¢ d4ifferential as***ma:fsm sn those for 3Tm
‘gure 31, the equivalent refracti e nower “or
‘sagftta‘ 'S and ore malc the distance fets
“nese Twe D anas, .a., ‘ne ‘mage surface %, ar

ave displacements “cr a tyoical refractive syste
the two eyes may sucjected ¢ consideraniy di
mnatism.

Similar binocular 3i<“erences ma
cerrations. The geometry for collim
far soherical aberration snown in °F
363) is foroa refiective (soherical mirror) i

ar other Zistcrrions or
srcwn in Figure IT and
cn, Zmericx, & Mount,

n :y display svstem,

and shows the increasing ¢ convergence of rays as a i ticn of distance
frzm tne orincipal axis. The magnitude cof suen 7rrcrs in the desicn of
a large, wide-angle, wultiviewer infinity disolay system were calcuiated
Sy R[Minehart (13775 and are snown in Figure 34, Again wide varfaticns
are found, in tnhis case as a function 9f viewing direction.

shen colliimaticn 2rrers ar abarration effaccs
magnitude and direction “or the w0 2yes, tne cerce
distorticn or disciacsment 2f the image. When "sig
axisz, nowever, Siurring of the image is not an unu e
affect. Also, the supposiftion that the percentual N
detection and zclarance levels, “ar such cIndizicns 353y
fcliow the tyoe, direction, and degree of 2ffects “or siTplar ~ure
uniform distortions zan de shown to 2e untenadie.

In a proposal Tor the develooment 2 visuai irscectian ta2cmrniles
“or <he evaluyaticn of 2istortions in 3aircraft windsnisids 3ceing Zerc-
space Company, L3770, <r2 %t 3ind Anderscn Snotagripned 3 ressiLtion
“arget matrix tarcugn Swo zorsiens (2.3 incnes apart) of 3 simutatas
I7stortag windsnisid. These rapresented the fmages fCr the twC 2ves
“rom tne :170:'3 305\C1DF ind are shewn “n Figure 35, The distcriions
ire ayvident [nota tnat areas Diurred in Jre image are n <tne
stner: and one might 2ssume that the fused ‘mage would 0
ocor gquaiity. This nowever, is 1ot 2t all <ne lase, “ 2, tae
cerceived imana is of zenerally high quari_y - suri« ct
This aciility of the visual system tC select ut the wi cr-
“iors 3 : wren f3rming tne Zomrosite sce Jereri-
Tizaple *isrs, acervraticns, 2tI. T2az ¢ IroTne
cart of 3oservers 1o Zetect anglor rep Ins
el ays that are soviousty sutra-tn ‘awed
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Figure 31. Typical plot of AT, AS, and 4P, <ahibaum, 1977)
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The failure to detect tnesa types of sinccular 4is=or=icn

not necessarily mean, nowever, that tney woulcd ~otT affect vis.u

‘ mance or cause eye strain and fatigue. In fact, there are som
} wnicn indicate that visual pnerformances can 2e ~ors sericusly 3
g ane "zood” and one “scor' gquality image than Ty tcin images ze
‘ poQr quality. In a study using sterec zairs 27 a sensitive te
sterec acuity, Pyle and 3coth 71373) administared ail combinat

eignt levels of image quality (blur by de-focusing) to five ski

1 observers. A total of over 26,300 discriminaticns were made 2
! observer. The resuits are depicted in Figure 36 and show that,
both eyes nad the pcorest quaiity image [7.27 arc ﬂ1ndte reso
percent of the discriminations were correct. 4hen the "ogcor'

ane aye w~as replacad with the "best”" gualizy ‘mage {12 arc sec
resolution), the proportion of correct responses fall =0 26 ce
The best performance (31 nercent correct, was witn <ne nighes®

o
e

image in both eyes, as weculd de exuecved.
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SCENE MISALIGHMENT

INTRCDUCTION
Scene misalignment probiams occur primarily at the Jcints ¢f juxta-
posed displays, although the perceptual characteristics of misaiignment
d

-
may also be 2f concern in scene cverlays or inserts and in inadeguate
data base management of geometric perspective in CIG scenes. In addi-
tion, aliasing effects also oresent apparent misalignment cnaracteris-
tics to the observer in raster-formatied displays. However, since
aliasing is discussed elsewnere in this report, this section w~ill ceal
exclusively with misalignment proclems at display Joints.

There are *wo general types of joints that are of concern in this
discussion. The first consists of hose cases in which two disclays =r
dispiay fields are juxtaposed with the goal of achieving the smalles<
Dossibie gap or separation between the two scenes. Examples of tnis
situation include the pentagonal, pancake "windows" of the Advancec
Simulator for Pilot Training {ASPT) at Williams AF3 and the front wind-
shield segments of the Boeing 747 Fiignt Crew Training simulator at
Seattle. In both cases, the actual windshield or canooy area simulated
is more extensive than can bde covered by a single dispiay, and the edge
or gap between juxtaposed display fields is therefore an artificial one
not found in the real world. In the case of the ASPT, a set of seven
windows are Juxtaposed to provide a 3C0°H x 150°V fielag of view. In
the the 747 simulator, only two display fields are Juxtaposed, side dy
side, for each of the pilot and co-pilot pasitions, providing a 74°H x
30°Y forward fieid of view.

The second type of display joint of interest here occurs when the
two display fielas are separated by a definite gap or void wnich causas
a portion of the scene to be occluded From any normal viewing cosition.
Usually the occlusion is the result of a structure or ‘rame member of
the aircraft being simulated and therefore corresponds to the real world
situation. When these frame members are a part of tne simulation cab,
the observer (pilot, co-pilot, 2tc.) may be able to "lock around” the
structure to pick ip the occluded portion of the scene by simply meoving
nis head sideways. In many situations, *this frame memper may be ccn-
veniently used to hide the physical joint between two displays. Thus,
the amount of head motion permitted dbefore this otnher type of joint °s
perceived may be quite limited. A simiiar head motion limitation ac-
plies to the first type of joint, that of direct juxtaoositicn. In tne
747 simulator, for example, each af the two juxtapcsed disclay cnhanneis
overiaps *the other by 3° as measured from the eye reference coint. This
overlap defines the angular extent of sideways head motion germissible
w#ithout blanking a portion of the scene.

ASPECTS OF MISALIGNMENT

Tyses and Iffects

The gercentual €actors involved in misalignments can -e acoiied “o
. N

S0th tyoes o€ joints, aitnough to varying decrees of in€lienca. OCne of
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these ficiors is the recognition of displacement of discontinuity in a
iine cegment that bridges a joint, either in a nart of the displayed
scene or in tne raster lines ‘“or line scan systems). The percentyal
cask 1s primariiy cne of vernier acuity. Another type of misalignment
invoives rotaticnal differencas Detween the scenes Qr scene eiements.
For a continucus 1ine segment, this would 2e represented either by a
“bent line" forming an angle at *the joint of something less than 180°,
or in the case wnere %the rotaticn originates in the central area of each
display, both a displacement or discontinuity and a rotation or angular
di€ference may be detected.

Jisplacement might also be in the form of either the doubling of
scene elements or the deleticn of some portion of the scene oroduced Dy
mis-registration of the scenes in a direction normal ts the joint. This
casa will not be treated nere as it does not involve the detection of
misalignment per se cut is more accurateiy a tas< of form or DJattern
nercestion, dependent 3aimost entirely upon elements of tne aisplayea
scene.

In addition to vernier acuity and the detection zf rotaticn, "bent
lines," or angles, other perceptual or display factors that affect
detection of misalignments include individual physiclegical character-
istics, stimulus separation, contrast sensitivity, disoiay resolution,
Tuminance level, and stimulus motion.

Vernier Adcuity

Perhaps the most critical contributor to the detecticn of misalign-
ment is *he remarkable ability of most observers to resolve very smail
displacements in one part of an object with respect to other parts.
Usually, a straight Tine broken into two segments, examples of which are
shown in Figure 37, is used to measure this type of acuity.

The threshold measure of vernier acuity is generaily taken as the
visual angle (at *the eye) of the lateral displacement {for vertical Tine
segments) of corresponding points on the test stimuli with a 30% probda-
bility of detection. [ should be mentioned nere that the level of
discrimination probability or the percentage of detecticn or discri-
nination respgonses used to define a threshold is not always fixed at

5C%, but depends scmewhat upon the method of discrimination used and a
1ot upon the preclivity of tne researcher. Thus levels of 30, 75, 80,
35 and 28 percent, and pernaps otners, have been used as criteria for
visual thresnglds. 23ften thne “nreshoids reported in the literature are
difficylt or impossible to compare with confidence because cof the di<-
ferant critericn laveis used or sometimes because the criterion level
used is not defined at all.

A comparison of vernier acyity with other similar visual threshoids
is depicted in Figure 38, {¥rom Farrell & Bcoth, 1575} for a wide range
2¢ Juminance intensities. The %nreshold termed "minimum separable’
~afarg %0 the detection of 3 separation or space detween two segments,
usually measured ~itn line gratings, tri-bar resolution targets, or
Landott 'I7 test stimuli.  Stereo acuity depends upcn the integraticn of
infgrmation from both eves an relative displacement 3¢ test aiements.
Me catagery of acuity termed 'minimum perceptidble” refers to tne nar-
~owest darx Tine tma% zcan e seen 3gainst a light background.
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Figure 37. Vernijer acuity




776 BOEINS AEROSPACE CO SEATTLE WA LOGISTICS SUPPORT AND=—=ETC £/6 5/10
PSYCHOPHYSICAL CRITERIA FOR VISUAL SIMULATION SYSTEMS, (U}
MAY 80 C L KRAFTe C D ANDERSON:, C L ELWORTH F33615=78=C~0012- g

UNCLASSIFIED AFHRL~TR=79=30 N ~




LUMINANCE e,

o 0t a0 gt ot
2 i T ;
50 -
1a, S ININLM $E233A308
: 05 = -
3
o
~N i
b i
2 o0l =
z .
=
0CS f= \LJEQWER -
,— STEAE0
WMNIUM
sERACEPT.3LE |
0.01 -
;
] i ' 1
0.005 - ‘ L - ] " IF
104 19 1 1 0t 00 10 g
2

LUMINANCE {ca/m©)

This figure iliustrates, though with considerable oversimpiification,
the very large differences that exist among some of the measures tha<
define the ability of the eye to resolve small targets.

Figure 38. Ccmparison of acuity measures.
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LeGrand (1967) summarizes some of the early determinations of
vernier acuity thresholds:

"Wulfing (1892) was the first to note the remarkably small
visual angle corresponding to the thresholds of alignment.
which he found of the order of 10" for bright slits as well
as for black bars on a white background. Stratton (1900)
lowered this to 5" and Best (1900) to 2.5" for 80% correct
responses.”

Similar results were reported by Graham et al. (1965):

"For example, Baker and Bryan (1912) report vernier displace-
ment thresholds of about 4 seconds, Wright (1942) 2 seconds,
and Berry (1948) 2 seconds."

Although Tuminance levels and response criteria were not provided
in these notations, the results are fairly consistent with those de-
picted earlier (Figure 38).

In a test situation using the method of adjustments rather than
that of constant stimuli, Baker (1949) determined the effect of back-
ground retinal illuminance upon the vernier alignment of two bar$ sub-
tending 4.5 degrees (combined length) in a 12° field. Figure 39, (from
Farrell & Booth, 1975) depicts the results which show little gain in
performance above 20 Trolands. This level corresponds to a scene Tumi-
nance of 1.3 candela per square meter (0.4 foot Lambert). The standard
deviations of the settings indicate that this procedure may hield slight-
ly different vernier acuity scores than those previously discussed, but
certainly of the same general magnitude. They can be compared with the
results found by Berry et al. (1950), as depicted in Figure 40, (also
reported in VanCott & Kinkade, 1972).

When the scene misalignment is in the periphery, these detection
thresholds will increase, following characteristic curves (shown in
Figure 41(a) for relative visual acuity, and in Figure 41(b) for visual
acuity (from Farrell & Booth, 1975). These results, from experiments by
Blackwell and Moldauer (1958), Taylor (1961}, and Mandelbaum and Sloan
(1949) are representative of the rapid fall-off of visual acuity in the
periphery. These data can be applied in a relative way to estimate the
amount of misalignment that, under certain luminance and other condi-
tions, will be detectable at various distances out from the fixation
point. However, inasmuch as these data are not directly applicable. it
is recommended that this function be more fully defined in an experimen-
tal study. Thus, this aspect is included in one of the experimental
designs provided in Appendix H.

In visual simulation systems, most if not all scenes are displayed
dynamically; therefore, the data thus far discussed (gathered under
static conditions) likely require some attenuation to fit a dynamic
situation. Data from Burg (1966) are shown in Figure 42. (from VanCott
and Kinkade, 1975) for the variation of both static and dynamic visual
acuity as a function of the age of the observer. From the figure, it
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In this study two subjects aligned two narrow bars in a Vernier
acuity task. The two bars combined were 4.5° Tong and were seen
against a 12° field. The artificial pupil was projected into the
subject's eye. Performance showed 1ittle improvement as retinal
i1luminance increased beyond about 20 Td. This corresponds to a
scene luminance of 1.3 cd/mé (0.4 fL) viewed with a natural pupil.
(From Baker, X. E., 1949.)

Figure 39. Effect of retinal illuminance on Vernier Acuity
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can te seen that age has a relatively greater effect on visual acuity
with increasing rates of target motion. t should be noted, "owever,
that there is aonly a very slight degradation with up to about 12 years
in age. In addition, the fall off in acuity with increasing anguiar
rates of target motion is approximately a geometric progression.

Reading (1972) has pointed ocut that the results of ner study of
static and dynamic visual acuities indicated no statistically signifi-
cant relationship between these two visual discrimination abjlities.

She reports that this view was supported by Behrens (1958} and by
~udvigh and Miller (1358), but not by Hulbert, Burg, Knoll, and Math-
ewson (1958), E1kin (1962), and Burg (1966), all of whom found sig-
nificant correlations between static acuity and performance on a dynamic
task. Resolution of this question is still wanting, so caution should
be exercised in applying data on static acuity to situations invoiving
2ynamic discriminations.

Ahen the adjacert ends of the broken line test stimulus are sepa-
rated longitudinally, vernier acuity is diminished. In a study done in
1320 and reported in LeGrand (1967), French found an average error of
7.5 arc second for segments with no separation, With a separation of 4
arc minutes between segments, the error was 1.1 arc second, and in-
creased to 5 arc seconds for a separation of 19 arc minutes. A similar
effact was found by Berry (1948), but with some significant differences.
As the plots of the data show in Figure 43, vernier acuity was best at a
secaration of .36 arc minute, with performance poorer both at a lesser
separation of .06 arc minute and at larger separations {.74, 2.23, 5.20,
and 13.8 arc minute). Similar tests of acuity with real depth and
stereoscopic depth tasks resulted in best performance with a vertical
senaration of 5.20 arc min. between the test stimuli. It is interesting
t0 note that performance on the vernier acuity task appeared to be
somewhat better than that for the stereo acuity tasks at the very small
separations, but then grew worse with the Targer separations while the
stereo acuities remained relatively good.

“ne Problem of a Complex Scene

dhile the just discussed data are useful, they are not completely
aoplicable to the praoblem of the detection in a complex scene. The data
2n vernier acuity are probabily most generalizable to the case in which
*re scene is formatted by raster scan and the raster lines are visible.
-cwever, other types of misalignment between two juxtaposed displays are
cossinle in addition to vernier displacement. For example, there may be 3
some rotational alignment differences between the displays. In this
zase, the discrimination may involve detection of the rotational differ-
anc2 {or of an angle formed by the rasters on the two displays) with or
witnout the vernier-type displacement at the joint. Since no data were
found to be directly applicable to these specific situations, an ex-
seriment was designed to provide scme of the missing data (see txperi- i
=ental Design #6 in Appendix H).
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LATZRAL VERGENCI COULIMATION/ TMAGE DISTANCE ZRRCR

INTRCCLUCTION

Several cnaracterisiics nave n combined in <nis secticn Zue ¢
their ciose interrejationsnin. L al verzence, coiiimation and image
distance error, and image distanc riability were 311 Zreated as
individual characteristics in tne Visual Simuiation CToncents Study and
were jiven separate rank crders. It shculd bDe notad, ncwever, tnat ‘nree
of tne “our were ranked fairly hign and ciose togetner in *he grigirai
Tist. Compining these sesmed o -e tne reasonapie <hing to 2c, there-
fore, as lcng as their individuality was not Tost.
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I¥ tne manner in wnich ine uniided aye yiews the natura’ 2nyirzn-
is considerad, severil ZOINIS can de mace that ire relavant <3 *n7s

ment
discussion:
1 For a fixated object, the accommcdation necessary tc cring tne
image into focus on the retina is compatible witn the amount
of convergence required to acguire fusion of the cbject througn
correspondence on the retinae.

2. With the eyes accommodatad to an object at cotical infinity
(or beyond 6 meters), objects nearer the observer are ren-
resented on the retina by blur circles of various extent.

3. Objects at different distances can be discriminatac via
stereopsis up to at least 500 meters, depending on viewing
conditicns, the disparity of the objects, and %ie stereq sxill
of the observe-,

FN

The apparent distance of objects is cetermined Dy the combinegq
effect of several factors including expectation basec udon
experience, stareopsis, the state of accommocation and cocnver-
gence, relative motion, relative size, level of cetail, inter-
cosition, relative orightness, and geometric and aerial
perspective.

In visual simuiaticn systems, any optical or scene generation
orojection characteristics which affect the factors or relationsnios
Just described above have *ne sotential for causing sercectual et9ec”s
oroaye strain/ fasigue “n the opserver. Generaily, sucn 29€2cts are
Tikely %0 2e smalil, dartly decause of fairly nign Zdesign standards, Sut
3150 Decause many effects are offset or overcome Oy a 2reponderance 2
otner non-distorted cues to distance and scene continuity.

The term vergences is Zefined as a non-narallel ¢or dis:iince-ve
dinccuiar movements of *the 2ye. 1€ an gbject is 2Jresented L0 IwC 2yes
an tre orimary sagittal iine Sut not intercesting tre Tire 57 signt of
2isner ave, ine twc 2yes ~il) maxe a mgvemen<s %3 siaca2 <me 10iect an
cotn Tinas 27 signt. € the Tines oF signt were 3t i~ nity ancg tre
s0iect 13 neardy the rctaticn o7 fne a2yes A1 of necessiis e i1 zo-
20372 2ir2¢Tions 2nd fne rignt aye will turn loward tne 1277 ang tre
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left eye turn toward the righ.. Such a movement of the lines of s‘grt
away from parallelism is known as vergence. Tnese may e either volun-
tary or involuntary althougn those of primary concern, fusional ver-
gences are reflex in nature. This definition is from 3orish {13797).

Vergence movements are also defined as those which change the angie

formed by the intersecting lines of sight of the two eyes (Alpern 1S62).
When the lines of sight converge to a point in front of the eyes, tney
deviate inward and are said to be converging. The conjugation is >e-
tween the internal recti of both eyes. When the lines of sight appear
to diverge from a point behind the eyes, they deviate outward and are
said to be diverging. The conjugation here is between the external
recti (muscles) of both eyes.

The reader and the issue will be confusad becauss *those that work
with display design talk apout diverging rays as rays emitzing ¥rom In
display which impose converging or convergence on the numan eye. I[n
contrast a ray emitting from a display which is converging, forces a
divergence on the human eye. t is unfortunate that two different
professional groups have used identical terms which beccme opposites
when the frame of references is the display or the observer.

From the frame of reference of the c¢bserver, vergences are ¢lassi-
fied into two major groups; lateral and vertical. In the lateral categ-
ory they are subdivided into convergence and divergence. Convergence
may be defined as when the lines of sight meet at a puint in front of
the eyes or the angle so formed is increased. Divergence is defined as
when the lines of sight meet at a point behind the eye or the angie of
convergence is decreased. Vertical vergences ray be defined when the
line of sight of cne eye is directed upwards and that of the other is
depressed; a situation which is normally only present 3s a compensation
for some ocular imbalance or where some dispiay presents a vertical
disparity when viewed from one eye position compared with the other,

The tolerances for vertical and lateral vergence have Leen pre-
viously discussed under the category of "Horizontal and Vertical Dis-
parities" within this report. Therefore, this discussion wiil summarize
by saying only that the tolerance for vertical vergence is much less
than for lateral vergence. In lateral vergence, there is 3 greater
tolerance for convergence than for divergence. These are mediated Ly
many display characteristics and the task at hand. Cne such special
case, not discussed in *he previous section, is that of the use ar
evaluation of a heads-up display in a simulator “it<ea with a 31 cor
zlosed circuit TV visual scene. For Tow levei maneuvering 2f nelicop-
ters, such a display may be stereoscopic in form and the rignt and ‘ef
eye images may be presented through separate charnels against a commen
channel of the exterior scene. Gold and Perry (1972} studies Zeter-
mined that, under these conditions, the vertical vergence toierance was

-

about 3.5 arc minutes witnout piiot discomfors;, 3.2 arc minutes a’so was
1

the tolerance for lateral convergence display d°sparity. The tolerance
is larger for lateral divergent Idisplay dwsaar*"es‘ e, 2.3 ﬁ~’1i-
radians or 3.¢ arc minutes. These data are consistent witn orevious!
reported findings in <hat the vertical vergence anc the visual :1.°r-
gence are smalier *tolerances than visual Lonver"e"ca “cweyver the
magnituge of these “2ierancas apcear €0 te Much sma.'er :nan theose

3
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sreviously reported. Such smaller values shouid pe expected sincz <his
's 3 comparative display of a meving scene on wnich a superimposed iine
irawing may have divergences vertically and norizcntaily and wnen <ney
2iffer against a common scene.

Collimation Errors

Collimation errors are errors in a display wnerein the rays of
Puminous intensity, emitting from a point, diverge or converge from
tnose expected from the theoretical optical design. In flight crew
iraining simulators, the displays may be Jesigned 0 have a variety of
viewing distances. A cathode ray tube may e placed at the windsnield
iperture presenting a viewing distance of about 28 inches from the
2ilot's eyes. Or the scene may be projected onto screens cr tre in-
tariors of domes at distances from 10 %0 0 feet (3.05 to 6.0G meters)
‘rom the pilot's eyes. As such projection distances approach o we*ers,
“ne visual accommodation becomes .16 of a dicpter. Thnis is a practical
approximation of an infinity display. Real image displays at each of
“hese distances have a compatible visual convergence and accommcdaticn.
“ne data from Farrell et al. (1970) indicate that optimum visual perfor-
mance in stereoscopic tasks is obtained when tne accemmodation and
zonvergence are compatible. In contrast with the real image dispiays,
many virtual image display systems provide accommodation at infinity but
z2nvergence at scmething less than infinity.

Consider one such display that has a 25- incn catnode ray tube hung
azove the forward and side windows of the aircraft and facing downward.
Jeneath the cathode ray tube is a beam splitter that reflects the rays
forward into a spherical mirror which has a 539.6-inch radius of curva-
sure. The image is reflected back by the mirror througn the beam split-
zer to the pilot's eyes which are, in effect, 1.2 meters from the cathcce
ray tube along this folded path. Therefore, the accommodation is by
Zesign at 10 meters and the convergence is at 1.2 meters. Such a dis-
sarity between accommodation and convergence may also occur for the
'‘pancake" window system. An unanswered question then exists; does a
mismatch of convergence and accommodation paose a problem by atltenuating
silot performance or his comfort when using a virtual image display?

Figure 44,9s from the "Design Handbook for Imagery Interpretaticn
pment" (Farrell & Booth, 1975). The upper view in this figure indi-
s that tne stereoscopic performance is lowered when the viewing i
ance differs by more than .75 of a diopter from a value that matches 5
ne convergence angle. Stereoscopic performance with static imagery, :

wever, may not generalize too well to the problems in flight crew g
3ining with the dynamic imagery and a non-stereoscopic¢ display. The
rance for collimation errors should not be based entirely on the
ical and horizonta] vergence limits as correct percept ion of the
ard scene is the ultimate c¢riterion in pilot training.
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The apparent distance to the scene contributed to Dy accommodation
:znvergence and relative motion of the elements in the scene may Je
sognificantiy altered either by non-use of an infinity accsmmodaticon
2*5p%ay or 2y 2 compatible convergence with such an infinity dispiay.
“~e zorract perception of the slant of terrain in apprcach and landirg, i
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in =akeot<, ang n carriin-<2ilowing ingicates Tnat tne zuestizn 37 ns
that clane is perceived may cecime Ine oFf Tne meST iTbortant Iriterii,
iibscn ana Gisscn (1357, Flocx 136d, ang 3raunstein (12 a2l nave
investizatad tne ingiviquai's ferception o7 2 olexiureg surfage that's
meving. 1T s Tound, whnether Tne syr<ace is moving in its Jwn Dlare or
any stner zirection, a sydject's Judgment of stant is very accurize. A
D0ssinia exdianation is <nat a subpiect would oniy have =2 21 2w tne
Tovement ¢F WO 3r tnree 20ints In the taxtured surface to De 3512 L
<NCW tne exact siant cf tne surface. With a Stati~riry surfice ncwever
noisy infarmaticn must 2e carrelateg over many zoints on tne surface I3
va‘~q|at its stant.  Ixperiments witn moving surfaces su 5 Tnas
tamporal intagration of cues is supericr o spatial intagritiin. Tuan-
:7ta_1/e data 3re needed to zetermine anetner tne relatiInsntl imonag
spatia: and %temcoral integration vari2s witn the 2dparent ItsTircs T2
tne scen2,  Un%i! sucn data ire 2vailabie, tne arrgr oY onriEeinzs oo
isoiay tnat are hased on tne vercence regquirements mLoT T2 L5z ime
collimazicn errors nave Deen measured in existing “,ces -7 I.iiams, ino
their relative relationshic 0 the iclerance figuras ire srcwn
Collimation Zrrors in Wide-Angle Myltiviewer Infinicy Jisnlays Zesizirs
The works of Shaffer and Waidelicn (13775 and 2F Rhinerart 1377,
in their incecencent assessments 37 <he 20ssibiiisy 07 & wize-ang e,
multiviewer, infinicy display, indiczate <nat <oierances n <o limaticon
could not 3e of tnhne same magnitude as the reiatively smaiier Tield ¢~

the beamspiitier mirrcr systems.

Rhinenart (1977) undertook a ~esearcn design study <o defipe zn
enceq field-of-view {80° x 1307}, infinity image display, suitaoie
for multiviewer use in a wide-ocdizad aircraft simuiator cockpit. Mesai-

cking of single cnannel units, both reflective and refractive, was
studied, incluqing extended field-of-view reflective systems. "wo
specific designs were selected and optimized, and these were evaiuated
aver an axtended viewing vociume (Taple 4).

These maximum collimation errors occur at locations generaliy beycna
the Timizs of tnhe 30° x 40° fi2id of view of tne beam splitter and 7irrer
system reviewed in Taple 5. The maximum coilimation 2rror in the exien-
ded fieid of view system is —ore than six times the maximum measured in
tne zonventional field-cf-visw system.

(98]

Zollimation ZIrrors in Zeam Spiitter and Mirror Zisolay Ssstems

— i si . . ‘ e . . f

The infinity window displays have a Tinite distance as tre 1iver- &
cence taoleriance o7 the rays coming from zne CRT lcward tne niiot The ¢
quman visual systam nas a reliatively wide tolerance for sucn 3iverging
rays ind tney are cerceived as <nougn the aobject were at 31 “asser Zis- g
tance tnan inftinity. When taixing about tne display's “zi.ergence,’ §
this corresscnas Lo the convergence in the visuad systam, ang <he n.man s
conversges <o Tikate near gblects. Yisual tolerance in tnis zirfeziTon 8
¥itn 3 Tittle sractice on th2 dart O tne coserver cin 2«c2ed 0 orism :
digptars, .

{

Zisolay “convergence' 3 /Tsuai 'divergenc2, ! and trne numan visla, |

$,5%2M "as yeryv smal. to.ariniz “Ip arears in tnis 2irecticr moavery-




Table 3

txtended Field-of-Yiew, [nfinity Image Jisplay
Suitable for Multiviewer Jse

{Maximum Collimation Zrrors Predicted)

Collimation Errors

Lateral Jertical
Location of Measurement Zesign cesign Design Zesicn
Maximum =1 =2 =1 =2
30° Right .23 .23
120°  Left .22 .22
b o] : 2
120° Rignht ._7D .3ZD
60° Right .ZBC
70° Right .35C
NOTE: Yalues within table are diopters and the subscripts D and C
represent display divergence and convergence directicn of
error.
Table 5

Collimation and chromatic errors measured in a beam splitter
and mirror infinity display system with two types of mirrors

Location of Coliimation Errors Chromatic Errors

Measurement

From Zenter Metal Glass Metal Glass
; 18° L & 147 Up 0.0072 3.0163 0.C0C5 J3.0035
g 132 L & 14° D 0.3414 3.0331 0.0300C5 0.202¢%
f
é i8° R % 142 Up 0.0438 0.0250 0.0094 0.5034
é 18° R & 14° D 0.0426 +0.0088 0.0087 0.2000
@

ote: Jalues within table are diopters and the single + value
reoresents a disnlay convergence error in collimation.
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{5 day visuai activity, tnere i5 almost n0 2cczasion <o ziverge tne syes
because very distant objects may De seen w~itn 8rc convergence. _ittle
i€ any oractice of diverging tne ayes occurs uni2ss it is orovidec in 3

visual training device for ¢linical purposes.

“Infinity" or distant displays may nave very siric: zesiagn ¢

erances of 0.1 diopter oFf display divergence ana .37 cicpter oF 21
i n¥in

i1spray

convergence can 2e met by the mecern *eamsa’wt:er ang mirr-ar indinity
display systems. Table 2 orovides &the averagce vai.es o 2o..imaticn “or
the red, green, and blue sources at five positions w~itnin a 37° x 4C°

: display on a full color CGI system,

E Tne collimation errcrs are ail less than T.2S dicpter. The rays

A tnen snould appear t3 be 2manating from a distance 37 25 meters or more.

4 The design specifications Tor this system w~ere D nave Ine visual <on-
vergence 12ss than 2. giopter or that all rays icpear %0 =manate Troo

-~ 1T - -~
greatar <nan 10 Tetars.

(&)
1¢CD
jb e o)

M

Tne single instance of a dispiay convergence ~as measured 3s C.
diopters and snould not cause any distress due to ¢oilimation error.
chromatic errors are representative of the maximum range of disolace-

ments among red, blue, and green at each of the five locations measuyrec
Tne maximum value measured was 0.0094 diopter. ¥ this were a simcle
prismatic displacement, it would be equivalent to J.54 millimeter at a
10 meter viewing distance. The radial distance that enclioses a s'ngle
triad is 0.53 millimeter, so the maximum measured chrgmatic error may oe

as small as 0.41 miilimeter at 10 meters.

The empirical measurements discussed above are a'so well within the

vertical displacement tolerances of 0.25 diopter 3iven in MIL-HDBK-i1d1
(1962). Vertical displacements between the rignt and lef: ayes are zne
source of many visual complaints as to "eye sirain' etc. [n tne speci-
fic system measured above the relative distortion petween the two eye
positions within the nominal viewing sphere (= 3.2 inches! was measured

- as being from 0.13 percent to 0.33 percent within a visual field of 12.3
degrees. The largest measured relative distorticn Detween the two eye
positions was one twelfth of the MIL-HCBK-14] stancard.

For the current designs of a beamsplitter-mirror infinity dispiay
of 30° x 507, in fiela of view, these empirical tasis support tre eariier
statement that collimation, lateral vergence, 2na image distance errors
are likely to be small. 7tner cues such as motian snould offset trem o

such an extent that they wili not centribute to visuai Ziscemfore or
attenuate performance.

Chromatic Aberration

There are no user-based Jata to support a specific limit an chro-
matic aberration in a display, but if color fringes can be seen in the
image, tnhe chromatic acerration is definitely excessive. 1€ tne three
color guns in the CRT are not converged oroceriy, T 1DPears 3s Incugn
tnere were cnromatic anerraticns In fﬂe ootical ssstem.  whatever the
source, ¥ tne effect of aispersion of the tnree o0ior orimaries is %o
‘crm a spot larger than 3 arc minutes, tne influence cn tne legibility
s¢ tne disolay 15 very icoreciacie.
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The relatively large chromatic abe**a:*cn T the 2ye i35 ‘llystrita:
in Figure <3, For 3 significant porticn 27 tne pcoulaticn, sne cues
orovided 2y cnhrematic acervration contrizute To tne 2rocess € ozliIn-
mogation apparently 2y 2roviding trne 2ye wiin inTormation on the Iirec-
tion of tne accommedative 2rror (Fincham, 1557). Fncham nas suggestac

X

<
that factors unceriying morocular accommodation responsas irs CCITo. 2
and invoive various aspects 2f =ne Jut-orf-Tocus image, sucn as tne
discrimination cf coicr “ringes argund 2 Siurred image Zue %0 Inrcma<i:
aperration as weil as Slurring due to spnerical abterration. Firliom's
data, when the lignt «as made mcnocnramatic (=t £29 qanoﬂetavsl, SnCw
that most of his observers naa IiTFicuity acc oca**ng oroper at
least until they i=2arqed 72 use scme otrer <yces of cues.

(1()l

Campbell and Westheimer '1335), “5licwing the iines suggested oy
Fincnam's experimenss 2nd inisrprazaticns Der‘orﬂe4 scme éxperiments -
AN1CH the sudject was reguired o adi.st a test target viewed Inrs.gn z

ens from an out-of-focus position o tns regicn of snarces< t2Cus -
suDJnc* who found this d4ifficuit to Jdo wnen a monochrcmatic green fiiter
nad been placed in the beam of light, presumabiy depended on the chrcomatic
aperration as a cue and made many errors 2efore learning to use another
cue. Compensation of the cnromatic aberration of the aye by incorogri-
ting equal but opposite chromatic aberration into tne display has zeen
suggested as a way %0 increase what the user can see in the display.
Lenses have been constructed %*hat ccrpensate T2r cnromatic aterraticn oF
tne eye. In very limiting testing, tnis kind af lens increases <ne

ability of subjects to resolve large, low-contrast details but not sma’l’,
Righ-contrast details. It is not possible to estimate wnether this
resylt would cccur in other viewing situations. With a CGI SJS‘em, <re
result wouid probably ce less than the prodiem of fonverg1ng the tnree
Juns tO the precision of the chromatic acerraticn in the dispiay cot cs.

The effact of alignment was very noticeanle in a study of <re
4isolay quality/legibiiity done dy Generil Zlectiric and Sceing. 2
“incoln,Micre dot matrix a]oﬂanureri: “snt zased In a 5 x 7 matric w~as
J..11‘eﬂ in completing ian evaiuation 07 :ne 7e"f3171:y of *ne Zcmpuscane
aisilay. Prior research oscab|1311"g the speed and accuracy for reacing
alonanumeric symbals an a similar Lercy font Nas dore by Anderscn 1377
and Jartenedian (1370). Trhese data ccmpare favoragly with a centinucus
stroke 3 onanumerics 7 tne Matessrsn I2s37an stuziad oy -owell and

t2g T2 consist of IO
Dat<ern which lay :on
the computad anvircnmenta’ jround surface. Severz) advantages were
jaired sy =nis aoproacn, namely the apiiity o 2asily vary contrasct
Setween the cnaracter and <ne display dacxground, the abiiizy < ac
taly control 4Zhe time neriod over wnic¢n a cnaracier was dispiaved,
tne abiiity to move tne cnaracter easily under grcgram coniradi.

~—~—a\

3 .
<rafs (1953,. The legidiiizy data case was crea
:naracters headed in zne intarsec*tions of a ¢rid

i r

The procedure was tCc 3s< four individuals (0 view sne
numcer 31t 3 time for 1 secand and then o rescond verzaiiy w
identification of the aichanumeric prasentad. A°in sfatic o
zenterad on tne zathode riy Zube., the critarii were 30 2ercent Iorrelz.
and the leginiiity orovized a rasult 07 32 percent orvecti. ahen tne
imagery ~as Teoving 1S tncugh the airdlane was turning 2t I degrees cer
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Figure 33. Chromatic aperration of the eye

Farrell & Booth, 1373}
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second, the criteria were 75 percent correct and the four cbservers were
able to meet tnese criteria. However, most pertinent to this discussion
was the fact that cne of the observers under one condition, inadver:en-
tly was given the presentation only with the green gun on. This de-
saturated green looked like a white image that was not caugnht immedia-
tely. The data showed that this observer moved from the pcorest
performance to the maximum performance curing the time that the green
gun was on.

Later systematic changes in the convergence of the three juns of the
display indicated that a very slight change in the convergence would
destroy the legibility of these alpranumerics. The same effect could be
expected from any display that has a significant amount of color “ringes
from chromatic aberration cr color gun convergence as both increase
minimal spot size, lcwer resolution, and decrease legibility of the
letters and numcers macde up of dots.
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SUMMARY

Jertical and lateral vergences are defined and discussed in this

1 section. The confusion between display divergence and convergence being
opposite visual divergent and convergent vergences is raised. The rough
equivaience of vertical and divergent lateral vergence tolerance limits
are contrasted with the larger tolerance for convergent lateral vergence.
This is related to display collimation error 1imits. The collimation
arror assessments of two infinity displays of widely different fields of
view are presented. Figure 46 illustrates in a graphic manner how the
collimation errors of these systems compare with some physiological and
E behavioral data applicable to establishing limits for coilimation in

;o display design.

Chromatic aberration as imposed by the optical aspects of display
system imposing color fringes in images is discussed. The similar
appearance and effect of lack of convergence of the red, green, and blue
electron beams in color CRTs is shown to have generally much larger
magnitude of error. The effect of either source of color fringes de-
creases system resolution and legibility.
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EMPTRICAL AND THEQRETICAL CCLLIMATION SUYSIOLOGICAL AND 3EHAVITRAL A4
| ERRORS IN DISPLAY SYSTEMS WITH J[FFER- APPLICABLE ~0 COLLIMATIZN ZRRCR
i ENT FIELDS OF VIEW LIMITS.

[V
8eam splitter and mirror infinit, (-

image display system with 30 x 40 e , Jorish, 1370, Vertical d1§;1a_cemen:
field of view. Range of lataral —"--T-ﬂ errors aporoximating the iimits of
collimation errors measured «1:n T“‘ Panum's areas,

glass and metal mirrors. (G.C.

Compuscene 2000, acceptance iesting. T

N
{ Farrell and 3o0th, 1975, Rancge :f
- standard devialions among 53 x 305
vers setting ver%nizal aligrments.

Harker and Handerson, 1686, Yerei<ad

displacements of :his magnitude are

assocfated with 1 3X increase in error
20 on a stereoscopic alignment task.

SCALE IN ARC MINUTES

Rinehart (1977)extended field of view
- systems, infinity image display,
v vertical collimation error (maximums) Li
Designs #1 abd 4 2, !

—
3
L

|
Zi]_ 1
Borish, 1970, Lateral disolacement
errors that may oe tolerated, sased :zn

Rinehart 1377, extended fleld of view on the size of Panum's area,
system, infinity image dispiay system,|

- latersl collimatign arrors,(maximums}.| i
Designs #1 and %2, —ik 30
i 8ureau of Visual Science, 1950, Slur-

ring and Doubling of images when
i vertical displacements of :his
=7 magnitude and larger are sreser: .
Discomfort occurs 2arlier,..from 2iin-
{cal evidence.

comstielodal O

(102)

it ¥ e sy TAE T

jgure 46. Comparison Detween collimation errors
in two display systems and ph/swo1ogxca. ‘
and behavioral data applicable %o <colli- {
mation limits. ;
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N APPENDIX A, System Characteristics and
Associated Perceptual Effects

—y

System Chara.teristic Perceptual or Visuo-Physiological Effect

DISPLAY FORMATTING

Type of scan or Flicker, shearing, strobiry, raster
formatting dominance, apparent motion
¥ Frame Rate Flicker, shearing, strobing
Aliasing Artificial spots, gradients, and
patterns, jump and apparent motion
Field of View Motion awareness, size-distance
relationship, display shape
Visual System Lag Temporal disorientation, viceo-vestibular
conflict
Update Rate Jitter, flicker
. Vibration Blur, Jjitter

DISPLAYED RESOLUTION

Active lines per Sharpness, detail, raster dominance
Unit Visual Angle

Picture Elements Detail, sheéring
Uneven Line Resolution False depth, sharrness, detail, edge
smoothing
Depth of Field Sharpness, near relative motion
Phosphor Decay Time Smear, flicker, eye strain
SpothSize, Spread and Sharpness, detail, apparent contrast
Shape

COLLIMATION AND
IMAGE DISTANCE

* Collimation and Eye strain, fatique, size/distance
i Image Distance Error relationship

i Exit Pupil Fatigue, eye strain

%- Lateral Vergence Eye strain, fatigue size/distance
i relationship

b3 . . ) .

% Dipvergence Eye strain, diplopia, fatigue

? Image Distance and Eye strain, fatigue, size/distance
£ Variability relationship
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System Characteristic Perceptual or Visuo-physiological Effect
OISTORTION
Geometric Perspective Orientation, perception of distance
Fye Relief Envelope Eye strain, fatigue
Reflections, glare, Eye strain, fatigue, distraction
Ghosting, Scratches
and seams
Binocular Image Size Eye strain, fatique, object distance/
Differences size, blur, distance disparities
Magnificaticn Size/distance relationships, field flatness
Binccular Deviations Blur, eye strain, fatigue, diplopia, distance

disparities
LUMINANCE INTENSITY

Luminance Range Object resolution, adaptation, eye strain

Luminosity Function Object distance/resolution/detection

Temporal Intensity Eye strain, distraction, adaptation,
Fluctuations flicker, jitter

Luminance Variation Eye strain, adaptation

Contrast Object resolution (detail) and distance

adaptation
COLOR
Temporal Changes in Distraction, Flicker

Color Balance

Hue Range (Wave- Scene cartooning, adaptation
Tength Distribution)

Color fringes Resolution, detail, blur

Variation Within Distraction, realism
Display

Saturation and Scene cartooning, chromostereopsis,
Contrast afterimages

Registration Blur, edge smoothing, detail
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System Characteristic

Perceptual or Visuo-physiological Effec?

MULTIPLE DISPLAY
CHARACTERISTICS

Gaps in FOV (joints)
Scene Misalignment

Luminance Differences
] Color Differences

Scene Overlays and
Inserts

Disorientation, distraction
Disorientation, distraction, eye strain
Adaptation, eye strain

Distraction, realism

False cues, distraction, jitter, secondary
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APPENDIX C

EXPERIMENTAL DESIGN #]

THE EFFECT OF HORIZONTAL ANISEIKONIA ON
TARGET DETECTION AND MOTION RECOGNITION

Two questions posed in reference to the potential effects of hori-
zontal aniseikonia on target detecticn and on motion recognition can be
represented by the following two hypotheses:

Hypothesis #1: Horizontal meridional magnification of the image
to one eye will increase the detection threshold for an approaching
target.

Hypothesis #2: Horizontal meridional aniseikonia will attenuate
the recognition of direction of travel {(toward or away) of a detected
target moving rapidly across the field of view.

The effects postulated in these hypotheses are of practical impor-
tance. In recent conversations with pilots of high performance fighter
aircraft, it was indicated that in a one-on-one confrontation, a con-
siderable combat advantage accrues to the pilot that first achieves
visual contact. Once visual contact is made, it is important to deter-
mine, also as quickly 4s possible, the heading of the “aggressor” air-
craft. QOften this is accomplished almost simultaneously with detection
when the target is acquired foveally. However, when initial detection
is through motion perception in the near periphery, foveal attention is
generally needed in order to integrate the cues required to establish
the three-dimensional motion vector. The horizontal and vertical (two-
dimensional) components of this vector are usually the easiest to de-
termine, with the third component (toward or away) being dependent upon
detecting, for a distant target, changes in the subtended angle, or
size, of the target image.

Detection of this change in image size may be significantly affec-
ted by horizontal aniseikonia. A target moving across the image field
in a true fronto-parallel plane (no motion component toward or away from
observer and no change in image size) will undergo a change in perceived
distance proportional to the degree of aniseikonia or image plane rota-
tion. When there are no other stable referents in the ‘ield, the target
may be erroneously perceived as moving toward or away from the observer.
It must be noted here that since the size of the target image on the
retina is not changing, the perceived change in target distance may
produce, through size constancy effects, a counterbalancing change in
perceived size of the target (Emmert's Law) (Ogle, 1962). Thus, for the
aniseikonia condition diagrammed in Figure 26, an object in the right-
hand extent of the image field is seen as farther and larger, while an
object in the left side of the field is seen as closer and smaller. The
question of whether these two perceived effects nullify each other or
whether there is a residual effect under the motion recognition con-
ditions outlined above is the subject of hypothesis =2.
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Apparatus

Hypotheses 1 and 2 will be tested as a two-step procedure in the
same experimental setup. A large projection dome or screen will be used
with a viewing distance of at least 20 feet (6 meters). The observers
will be positioned at approximately the radius of curvature, if a curved
dome or screen is used, or along the midline if a flat screen is used.

A headrest or other appropriate technique will be used to prevent extra-
neous head motions by the observers. The headrest will be provided with
a lens holder to hold aniseikonic or plano lenses during the training
and test trials. If a dome is used, an alternative is preferable, i.e.,
the plano and size lenses would be ground to the same shace and size as
flight glasses. These would then be mounted in a frame with adjustable
nose pads and interchangeable bows. A darkened room with a non-
reflective, dark viewing frame or window will be utilized to act as a
viewing aperture stop.

One projection system will be used to provide a background scene of dark
blue sky with several light, contrasty clouds. A second system will
provide a target overlay of positive contrast which, for the target
detection task, will originate in one of four quadrants but close enough
to the fixation point that scanning search is not attempted by the
observer. The target size will be controllable from well below the
detection threshold to well above (< .5' to >25'). Rate of change in
target size will be controllable with a range to simulate closing veloci-
ties of from 500 to 2000 feet per second, although only one rate will be
used in the detection trials.

For the motion vector recognition task, the target overlay will move
rapidly across the field of view on one of several frontal plane meri-
dians. The size of the target for this task will be well above the
peripheral threshold. Subtended angle {size) of the target for this
task will also be controllable but over a smaller range than for the
detection study. At least four different rates of change will be used
to simulate four (or more) heading vectors of the target.

The "trigger" microswitch of a joystick control will be used by the
observers to signal time of detection or recognition and to freeze the
target "motion."

Experimental Design

Figure C-1, depicts the basic design for the main investigation of
the effect of horizontal aniseikonia on target detection and motion
recognition. The design is basically a 4 x 4 x 2 factorial with the
following three independent variables:

1. Amount of aniseikonia - four levels of magnification will be
used: 0, 1, 2 and 4 percent;
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2. Velocity of target motion - four levels of motion toward or
away from the observer will be used in conjunction with
horizontal motion across the field of view for the motion
recognition task. For the target detecticn task, only one
“toward" velocity will be used, and without any horizontal
component. ‘

3. Eye with magnification - in half of the experimental trials,
the magnifying cylinder lens will be placed before the
compaonent.

4, Eye with magnification - the magnifying cylinder lens will be
placed before the observer's Jeft eye in half of the experi-
mental trials and before the right eye in the other half.
This procedure will tend to balance out dominant eye effects.

The dependent variable in the Critical Limen Stereo Test (CLST) is
the number of correct responses at each disparity level, transformed
into a 50-percent stereo acuity threshold. In the target detection
task, the dependent measure will be the size of the target (in subtended
angle) when first detected, the response being to depress a trigger
microswitch which freezes the target's motion, and then to report which
of the four quadrants the target is located in. The percent correct of
location responses will be a secondary measure.

The dependent measure in the motion recognition task will be a
forced choice response of “toward" or "away" as representative of perceiving
the target as moving close~ to, or farther from, the observer in its
translation across the field of view. A secondary measure will be the
elapsed time from appearance of the target in the visual field.

Observers

Six observers will be selected, after an examination of visual
skills, ta serve as test subjects. These observers will have a visual
acuity skill of at least 20/25 (0.8 decimal equivalent) uncorrected with
differential acuity between the two eyes less than 0.1 decimal equiva-
lency, and a stereo acuity skill of at Jeast 15 arc seconds (50 percent
threshold), as determined by the CLST. The observers shall have measu-
rable natural aniseikonia of less than .2 percent in any meridian and
phorias at far point no greater than .25 diopter vertical and 1.5 diopters
disassociated lateral. The accommodative range and resting point will
be measured, along with the depth of field with a sky/clouds stimulus
field at 6 meters. The preference will be to use pilots as observers so
that any special skills they have developed in recognizing the first and
third quarter views of the aircraft or rates of change of aspect angle
may be included in these data.

Procedure
After the visual screening process, each observer elected as a test
subject will be given the CLST to provide baseline data on the effects

of horizontal aniseikonia on stereo acuity. The CLST is a sensitive
test of stereoscopic acuity, with discrimination levels ranging from 6
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+0 60 seconds. Four of the tests' eight formats (32 responses) will be
given each observer under each level of aniseikonia: Half the trials
with the magnification in the left eye, half in the right eye. The
observers will each be given the CLST under tne four levels of magni-
fication (0, 1, 2, and 4 percent). Plano lenses will be used before
both eyes for the "zero" condition and for the “non-magnified" eye on
the other conditions. The format of the CLST will be administered in
the Wottring Troposcope at "infinity" focus and zero convergence.

Following the training trials, the observers will perform first the

target detection task and then the motion recognition task. Six represen-

tations of each combination of independent variables will be given, with
random ordering of conditions. Delay times between initiation of each
trial and "appearance" of the target will also be varied randomly be-
tween a minimum of 5 seconds and a maximum of 20 seconds.

Activation of a microswitch will provide the discrete target de-
tection and motion recognition responses and terminate the observer's
view of the display. Following the switch activation, the tbserver will
be asked to indicate quadrant location of the target (for target detec-
tion) and direction of motion - toward or away (for motion recognition).
After each trial in the CLST, target detection, and motion recognition
tasks the observer will be asked to rate the condition for visual dis-
comfort or strain on a scale of 1 to 5.

Analysis of Results

The data from the CLST administration and from the target detection
and motion recognition trials will be subjected to analysis of variance
techniques to determine the main effects of the independent variables.
Range statistics and Chi Square tests of significance will be used to
provide more specific analysis, as will correlational analyses between
C.ST and target detection and motion recognition data.

The statistical packages available on the contractor's IBM 360/65
and 370 computers will be utilized for the majority of the statistical
analyses.

The discomfort data will be analyzed with rank order statistics and
correlated with the detection/recognition data.

Conclusions, Recommendations and Documentation

The conclusions drawn from the data analyses will be integrated
with any existing reliable data as the bases for recommendations of
design criteria or tolerance levels for differential magnification in
visual simulator systems.




APPENDIX D
EXPERIMENTAL DESIGH =2

THE EFFECT OF JPDATE RATE CON ALIASING, TURNING RATE,
AND TRANSFER OF TRAINING

The question posed in reference to the effect of update raze In
aliasing turning rate, and transfer of training can be represented by
the following hypothesis:

Hypothesis: Perceived speed and training results are affected oy
the doubling of images at angular velocities that are common to taxiing,
takeoff, and landing.

During acceptance testing on the Compuscene 2000 visual simulator
system, it was found that the turning rates from runway to taxiway on a
747 were 18 degrees/second. A turn rate of 5 degrees/second on this
visual system gives a double imaging of runway edge lights.

A survey of six current visual systems, including -~e Compuscene
2000, showed that update rates vary from 30 to 60 cycles/second. These
systems and their respective update rates are as follows:

Compuscene 1000 60 cycles/second
*E&S OLH 50 cycles/second
*E&S SP-2 DLH 40 cycles/second

ASPT 30 cycles/second

Night Only Scenes 30 cycles/second

Compuscene 2000 30 cycles/second

*Evans & Sutherland, subsidiary of Redifon
METHOD

Apparatus

The apparatus used in matching the sub-group of pilots as to their
skill in juding 5, 10, and 15 degree per second rates of turn wiil te a
high speed photographic representation of the visual scene taken from
the 747-1 on a turn onto the runway from the taxiway on the north endg 3*
the field. The playback mechanism will be a variable speed, non-7 “cker-
ing, Eastman analyzer projector. The apparatus in the main experiments
will be two 747 simulators; the Conductron number one with its current
visual system with 60-cycle persecond update rate and the new Redifon
747 simulator with the Compuscene 2000 with 30-cycle per second upda‘e
rate.

Experimental Design

-

In Figure D-1 the experimental desian is represented is a 2 <« !
fac*orial. The independent measures will be the update rate at 30U -ycies
per second and 50 cycles per second; the dimension of speed of *urn at
three levels, 5, 10, and 15 degrees; two groups of six pilots each
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divided into groups A and B; and within each cell, there wiil be 17
trials. The dependent measure will be reproduction of speeds of zurn in
the simulator.

Observers

Two groups of six pilots each will be drawn from the population of
qualified 747 instructors from the Flight Services Center of the Sceing
Commercial Airplane Company.

Procedure

Two groups with six pilots in each group will be used. Pilot
groups A and 5 will be matched in skills. The two groups should be
about even in their judgments of turning rates on the photographs.

Group A then will be given work limits criteria training in the 747
simulator with the 60 Hz update rate. Each man will make 10 turns at 5
degrees per second, another 10 at 10 degrees and then 10 at 15 degrees.
JQuring this time they will have immediate feedback as to the rates of
turn on each of the previous trials. Group B will receive the same type
of training on the simulator with the 30 Hz update rate.

Following the training session both groups will be tested on the

same motion picture films and asked to precisely reproduce 5, 10 and 15
degree per second rates of turn from the image of the real world scene.
In this instance, they will not be provided with feedback as to how well
they did on each previous trial. Since the two simulators may differ as
to their handling quality, a second posttraining test will be institu-
ted. Group A, initially trained on the 60 Hz will be re-tested on the
30 Hz update rate visual system and the different simulator. The reverse
will be true for group B. In this case there will be no feedback as to
their performance on each trial.

Analysis of Results

The data on the rates of turn for both motion piz.ure films and for
the re-testing on the simulators will be submitted for an analysis of
variance treatment to ascertain the contribution that could be expected
from chance.

Conclusions Recommendations and Documentation

The expected results are (a) that if 30 and 60 Hz updates provide
similar training and transfer cf this training, the proposed training
performance should show no differences for groups A and B; {b) if,
through incidental learnirg, pilots acquire a skill that is different cn
the 30 Hz and 60 Hz update rates, then non-transfer of training wili
Tower the performance on motion pictures for one of the two groups;
some things are learned on the 30 Hz and not transferred to the 80 H:z it
is also expected that the performance will differ between the %wo
simulators, but only in one direction; (¢} if the differential rates of
turn show different performances within the two groups, then a specific
aspect at one of the rates of turn may be attributed to the update rate.
The possible recommendations will depend of course on the results, but
if the second and third expected results just mentioned are found to oe
true, re-evaluation of the update rates on simulators currently being

built may have to be reconsidered. 120




APPENDIX E

EXPERIMENTAL DESIGN #3

THE EFFECT OF OPTICAL MAGNIFICATION ON THE RUNWAY PLANE

The question posed in reference to the effect of gptical magnifica-
tion on the runway plane can be represented by the following two hypothe-
ses:

Hypothesis #1: Optical magnification of the runway scene as
viewed at a point on final approach will produce errors in the perceived
siant angle of the runway plane and will result in biased estimates of
approach angle/altitude.

Hypothesis #2:  The magnitude of this effect will vary under night
versus day scene conditions.

With the introduction of closed circuit TV systems and also compu-
ter generated image systems for flight simulators, the question of
whether the display should reproduce the outside worid on a one-to-one
relationship or if there should be some magnification represented has
been a problem for the designer. The work of Stan Roscoe (1951), Uni-
versity of I11inois, indicated that pilots flying light airplanes and
viewing an optical image of the runway out ahead at the distance of the
windshield required a magnification of this image of 1.25:1 to provide
equal skill to their flight performance looking through a non-magnifying
window. This ratio of 1.25:1 is also found for the size constancy
Jjudgments of Sam Renshaw and Associates (1949) when they were measuring
the matching of a 30 ¢m square disc photographed from 1 to 6 meters and
the matching object was also at near point. In the current optical
systems which use infinity display, the question as to whether a 1.25:1
magnification is required or 1:1 has not been definitively established.

Since the introduction of Life magazine in 1934, we have been trea-
ted to photographs taken with exceptionally long focal length lenses,
and in recent years, these have been commonplace within the news media.
Sporting events are televised where zoom lenses of unusually long focal
length are available and have become an every day affair. Most everyone
has recently seen the modification of the depth of objects and the
inter spaces between objects as collapsed by long focal length lenses.
No designer would choose to use such long focal length lenses in pre-
senting visual scenes for flight crew training; however, even smaller
magnifications might have rather subtle influences on the perception of
the runway plane and the relative distances between objects. It is
therefore proposed that we look at the relative estimations of glide-
slope angle and distance from runway as a function of changes in magni-
fication.
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AZDaratus

t is proposed that a series of ohotograpns bhe made of one of the
more precise models of runway scene by five different focal lengths of
ienses. Within each one of the magnification categories, use five
different distances and five different altitudes to make up 25 nhoto-
graohs. In all there would be 125 photographs representing five magnifi-
cations within the range from 1:1 to 2:1 and these would be reproduced
Tcr beth night and day scenes. The projection equipment would be a
carcusel projector. The images would be displayed on a screen which
would be viewed by the observer through a windshield-like cutout. Each
2f the scenes would be displayed such that the field of view was con-
nt; that is, the field of view would be 30 degrees vertical and 40
rees horizontal and the image size of objects within the scene would
1ilowed to vary to maintain the field of view. Displayed on the same
een, at given intervals of time, would be a comparison standard
ch would represent a day scene or a night scene at a magnification at
an intermediate dis.ance to all photographs. This will be the magnitude
estimation scaling standard.

Svperimental Design

The experimental design for this optical magnification study is
represented in Figure £-1. It is a 2 x 5 factorial design where, in each
cell, 12 pilots participate. They will have a chance to look at each of
*he photographs twice; i.e. two replications.

Ghservers

Twelve pilots from McChord Air Force Base will be assigned tempo-
rary duty. They will not be specially tested for general visicn require-
merts, but they will be given a special test to estimate their size
corstancy Jjudgments.

“rocedure

The magnitude estimation scaling technique will be used with the
s-andard representing a 3-degree glideslope, 1:1 magnification, and an
intarmediate distance for all photograons. The standard will be as-
czned 3 unit value of five and all the other photographs will be as-
-iined values above and below five. Using values 1 through 10, the
zuojects will be asked to estimate the representative distance to the
~urway threshold from the viewpoint as they are seeing it and, also on a
scale of 1 through 10, whether they are above or below the conventional
3 dearee glideslope. Each of the observers will have four presentation
ae55i0ns; two for day scenes and two for night. They will see 125
rasentations and make the estimates of the two values of distance and
.7 lesiope for each. Each photograph will be presented “or about 3
-~~3rds and the intertrial interval will be approximately 3 seconds.

" experimenter will indicate the numerical response and will Se bdacked
2/ 3 tape recorder in case a response is missed.
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12 PILOTS
6 REPS
EACH

DAY HIGHT

TIE OF DAY
(ALSO A SCEAE COMPLEXITY FACTOR)

Figure E-1. Experimental design for optical magnification study.
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Analysis of Results

The conventional techniques of recording magnitude estimaticn
scaling will be used and statistical treatments will be applied to
ascertain whether the magnitudes of the differences in estimates could
be attributed to chance.

Conclusions, Recommendations and Documentation

If the resuits indicate that the perceived slant of the runway
plane is altered by magnification resulting in underestimation of the
distance to the runway, the data should provide {a) magnification limits
beyond which pilot performance should be expected to change; (b) optical
corrections that might be used to alter optical display designs. A com-
plete report of the study, the analysis of the results and the recom-
mendations will be documented.
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APPENDIX F
EXPERIMENTAL DESIGN #4

THE EFFECTS OF ACCOMMODATION/CONVERGENCE ERRORS
INTERACTING WITH QUALITY OF DISPLAYED IMAGE

Two gquestions posed in reference to collimation mismatch between
the two eyes as it affects pilot performance and how such errors inter-
act with image quality in visual displays are represented by the follow-
ing two hypotheses:

Hypothesis #1: Collimation mismatch between the two eyes has an
effect upon pilot performance and comfort.

Hypothesis 42: Collimation errors have an interaction with image
qualities found among today's visual displays.

Collimation errors comprising divergent rays produce visual discom-
fort for many individuals (Farrell % Booth, 1975). The reascns for such
discomfort are well established in the ophthalmological, optometric, and
behavioral-optics literature. Collimation errors with non-corresponding
convergent rays do not produce the same level of discomfort and most
individuals can tolerate this type of error. Performance on a difficult
visual task is attenuated when convergence and accommodation are not
matched (Farrell, et al., 1970). Most physiological distress will
probably occur when accommodation is not matched with convergence, for
example if the virtual or real image is at less than 10 meters but the
convergence is maintained at zero degrees or parallel. Additional proba-
bility of discomfort or disorientation may occur when a blurred image is
added to the mismatch of convergence and accommodation. Pyle and Booth
(1978) have very recently shown that with resolution (image quality)
attenuated for ane eye while the other eye has a high quality image,
visual sterecacuity is reduced more than if both images are of the same
poor quality (personal communication).

In many virtual image display systems that use a beam splitter and
spherical mirror the design goal is to present an infinity image. One
such display has 25 inch CRTs hung above the forward and side windows of
the "aircraft’and facing downward. Beneath the CRT is a beam splitter
that reflects the rays forward into a spherical mirror which has a 59.6
inch radius of curvature. The image is reflected through the beam
splitter to the pilot's eyes, which are 47 inches from the CRT along
this folded path.

This infinity window has been tested optically and no rays are
focused short of 10 meters. Thus if the eye is focused exactly where the
image is the amount of accommodation would be 0.1 diopter. If collima-
tion is at the design value of zero degrees, there will be a slight
mismatch between accommodation and convergence.

The question then is whether a mismatch of convergence and accommo-
dation poses a oroblem by attenuating performance or comfort. Figure
44 is from the "Design Handbook for Imagery Interpretation Eaquipment"
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{Farrell & Booth, 1975). The upper figure on this page indicates that
stereoscopic performance is degraded when the viewing distance differs
by more than 0.75 diopter from a value that matches the convergence
angle.

In the example described, the dioptric value is significantly less
than the experimentally determined 0.75 limit. Conversion of the 0.75
diopter tolerance in viewing distance into a 2.7 degree tolerance in
convergence, and combining these into a tolerance zone, gives the lower
illustration in the figure. Note that the example display (starred in
Figure 44 ) falls well within this comfort and performance zone. In
answer to the question, it can now be ascertained that the accommodation-
convergence mismatch probably does not attenuate performance nor cause
discomfort for this particular simulator display.

In most designs of infinity displays, the manufacturer would not
permit errors of mirror curvature that would impose differential accommo-
dative distances between the two eyes. However, when developing simula-
tors for high speed combat aircraft, the interactions of an operational
windshield and the external scene display may become significant. For
discussion purposes only, consider the F-111 windscreen, with its more
than 60 degree angle of incidence and compound curve. In some of these
windows a magnification difference of 27 percent has been measured in
the inspection process. Such a magnification could alter the accommoda-
ted distances to one eye while the other eye is accommodated to the
design reference distance. Prismatic distortions could also alter
convergence distances.

METHOD

Five sets of "Defocused Series" of the CLST would be used to repre-
sent five levels of image quality in scene generators. The range of
resolutions. or first independent variable, would extend from 0.4 to 9
arc minutes of visual resolution. This is a range from "just slightly
better than the eye can resolve" to almost the equivalent of "clinically
btind." This range includes three steps that are possible with current
simuiators and two steps approximating the ideal.

The second independent variable will be accommodative differences
between the eyes. One or the other eye will always have accommodation
it a 10 meter distance and the other eye will have an image at 10, 4, 2,
. or .5 meter. Convergence will be kept at zero degrees.

Apparatus

These five sets of eight pairs each of stereoscopic slides would be
shown to eight observers in the long focal length Badal Ontometer. This
instrument can be very precisely set as to accommodation and conver-
gence. The instrument's unique feature is that the same retinal image
s5ize can be maintained while changing the accommodative distance from 0

N
YA

2.3 diopters or o to 44 centimeters.
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Experimental Design

Figure F-1 depicts the basic design for the main investigation of
the effect of collimation error on visual performance. The design is a
5 x 5 factorial with the following two independent variables:

1. Five resclutions with values of .4, 1.3, 2.9, 5.0 and 9.0 arc
minutes.
2. Accommodation difference between the two eyes, measured in both

diopters and in distance, or meters. The diooter levels are 0.0,
15, .4, .9, and 1.9 for one eye while the other remains at 0.0
diopters accommodation.

Observers

Eight observers will be selected, on the basis of an examination of
visual skills, to serve as test subjects. These observers will have a
visual acuity skill of at least 20/25 (0.3 decimal equivalent) uncorrec-
ted with differential acuity between the two eyes less than 0.1 decimal
equivalency, and a stereo acuity skill of at least 13 arc seconds (50
percent threshold), as determined by the CLST. The observers shall have
measurable natural aniseikonia of less than .2 percent in any meridian
and phorias at far point no greater than .25 diopter vertical and 1.5
diopters disassociated lateral.

Procedure

The procedure would be to select eight observers for their vicual
skills including a sterecacuity of at least 13 arc seconds. (This
matches the mean of our sample of USAF C-141 pilots as to this skill on
the CLST test.} They will be given one pair of stereo slides under each
cell of the diagram given in Figure F-1. Each pair requires eight judag-
ments per slide pair. Therefore, each cell will receive 64 judgments
from the eight observers. The task will be to select the stereoscooic
disc from a line of 10 that appears nearest the observer's eyes. The ob-
server will be instructed that the end disc in each line is an anchor,
so the choice is one out of eight. The whole matrix is a 10 x 10 arrange-
ment cf discs in rows or columns. Four sizes and four brightnesses are
confusion dimensions that must be disregarded in selecting the one disc
with relative disparity.

Analysis of Results

When data collection is complete, the data will be transferred to
punched cards and analyzed. The data can be reported in number of correct
responses, errors, types of errors, etc. and also by a cubic equation into
threshold units directly comparable to the USAF vision tester or the
Verhoeff test used by School of Aviation Medicine. The statistics utilized
will be analysis of variance, Student's t's or non-parametric tests.
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TASK

DEPENGENT MEASURES
STEREOSCOPIC DISCRIMINATION

TOTAL CORRECT RESPONSES
STEREQSCOPIC THRLSHOLDS

Figure F-1. Experimental design for hypothetical study no. 1
Interaction between collimation errors and image

quality (resolution}).
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Conclusions, Recommendations and Documentaticn

[t is anticioated that with the increased difference in the collima-
tion distance, the stereoscobic performance of the observers will be
measurably decreased. The rate of attenuation of performance will be
more ranid with each level of poorer image quality. Discomfort in terms
of selected comments, complaints of "eye strain,” and for some dizziness
and near nausea, will parallel visual performance.

It is believed that a description of performance and comfort
envelopes for each image quality can be made wherein collimation errors
snould not be allowed to occur in simulation. "Such data may also be

-translated into windscreen design parameters.
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APPENDIX G
ZXPERIMENTAL DESIGH =5

DETECTION OF ROTATION IN A SCENE INSERT

S
OF INSERT SIZE, RASTER-LINE DENSITY, AND SCT!

FUNCTICN

A
{E TOMPLEXTTY

The aquestions raised in reqard to the detection of misaiiarment -
a scene insert are represented by the foilowing hvnotheses:
Hypothesis 41: The size of the scene insert will hay
effect upon the ability of the observer 1o detect rotation
of the insert.

e
a’ Tiarrent
a Lonrent

Hypothesis #2: Ircreasing the raster-line density ratio Setween tne
insert and the surrounding scene will lower <he detection thresheld frr
rotational misalignment of the insert.

Hypothesis #3: More complex scenes, particularly where there are
more "straight lines" in the scene, will make rotational misalignment
of the insert easier to detect.

One of the goals of visual flight simulation design is %o oroduce
a display system which can take full advantage of CGI sigrals, provide
adeauate luminous intensity, realistic scene movement and velocities,
large field of view, and an area of interest or target-asscciated in-
sert with high resolution. One of the maior problems is in placing,
stabilizing, and matching this area of interest or target insert to the
surrounding scene such that the high resolution image is provided with
minimal scene distortion, misalignment, or intrusiveness. Since line
scan imagery is one of the current display techniques, raster line den-
sity will be one of the recognizable differences between the insert and
peripheral nortions of the display. Discrimination, by the raster iine
density, of any misalignment may decrease as scene complexity increases.

The problem of this study will be to determine the just notice-
able rotation of an insert as a function of (a) the size of the central
insert, (b) the comparative number of raster lines between insert andg
perioheral field, and (c) the complexity of the scene.

METHOD

Agoaratus

For this study, three types of CRI scenes will be used, represan-
ting different levels of scene complexitv: on the runway, ground-to-air,
and approach to runway. These scenes will be photographed from the
pilot's eye point in the Boeing 747 Fiight Trainiag Simulator witn a
Crown fraphic camera, having a 4 x 5 inch film size. The 1 x 5 inch
transpositives will then be used to produce 25-mm slides with the rg-
rated insert and raster densities buiit intc them.
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A total of 130 35-mm slicdes «#ill he made t3 represent four levels of
raster density ratios, three levels of insert size, and three levels of
scene complexity. Five levels ¢of insert will also be built into the
slides.

Basically, each slide will be developed using a double exposure
technigue, one exposure for the surround and a second exposure for the
insert scene. In between the exposures, the rotation will be put in
using precise positions with .C02 mm accuracy on a large Mann Compara-
tor, upon which the 4 x 5 transpositives and the 35-mm camera will he
mounted. Registration pins on a glass plate will be used for Tlocation
accuracy and pairs of masks precisely cut on a Coordinatograch and re-
duced down onto Kodalith film will be used for scene masking and the
raster grid. These slides will be presented to the nilot/cbservers using
a random access nrojector and a rear projection screen.

Experimental Jesign

For this study, it is proposed to use 3, 6, and 12 degrees (at the
eye) as sizes for square-shaped inserts which will be located in the cen-
ter of a 48 horizontal x 28 degree vertical field of view.

Likewise, it is proposed that the rotational misalignment levels for
the insert oortion of the scene (the insert frame itself will not be ro-
tated) be selected at 0, .25, .50, 1.0, and 2.0 degrees, measured as ro-
tation around the center of the scene.

For the different raster line densities, a slightly defocused sguare
wave line grid with a 2 to 1 line width to space width ratio will be super-
imposed on the insert and surrounding scene at four levels of spatial fre-
guency ratios: 0, 9:9, 9:3, and 9:1. In the first, no line grid will be :
used for either the insert or the surround. For the other three ratio levels, 1
the insert will have a grid spatial frequency of 60 cycles per degree (one
line pair subtends 1 arc minute). The surrounding scene will have grid spba- 1
tial frequencies of 60, 20, and 6.67 cycles oer deqree vertical field. The -
experimental design is shown in Figure G-1.

Observers

Sixteen pilots from McChord Air Force Base will be selected, after an 1
examination of visual skills, to serve as test subjects. These nilot/ob- 2
servers wilil have a visual acuity skill of at least 20/20 corrected. #

Procedure

The 180 slides comprising the stimulus material will be randomly ar-
ranged in slide trays for presentation on a rear screen projector. The
pilot/observers will be seated at a distance of 28 inches from the screen
and the projector will be situated such that the scene field of view pro-
vided the observer will cover 42 degrees horizontal and 28 degrees verti-

|
, i
cal, g

Tach of the lb observers will see all 180 slides. Their task will
ce %0 determine if the insert apoears to be rotated relative to the peri-
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Figure G-1.
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Experimental design for study of effects of insert size,
scene complexity and raster density ratio on the detection
of insert scene rotation.




pheral portions of the scene, and if so, in which direction. The re-
sponses required will be of three category forced choice specification
(aligned, rotated clockwise, rotated counterclockwise). A short set of
training slides will be given each observer prior to testing.

Analysis of Results

When data collection is complete, they will be transferred to pun-
ched cards for computer analysis. The data can be reoorted in number or
percent responses, errors, types of errors, etc. and also converted into
threshold units. The statistics utilized will be analysis of variance
and appropriate range of correlation tests.

A guantitative value for a just not noticeable rotation of the in-
sert scene will be established. Whether the imposed raster density of
the peripheral field (realtive to field of view) alters the just not
noticeable threshold will be ascertained. The 50 percert and 95 percent
detection thresholds will also be calculated. In addit.on, whether the
3, 6, or 12 degree central insert size results in greater or less dis-
crimination and whether a more compiex scene influences this discrimina-
tion will also be determined.

Conclusions, Recommendations and Documentation

[f the 6 or 12 degree field of view for an insert does not alter
discrimination of rotation mismatch the smaller field of view may be
used when higher resolution is desired for a central insert. How wide
a field of view may be used for the surround before the line scan sizes
become too large and force an easy discrimination of the insert may also
be established. The detection thresholds will help establish how much
misalignment or rotation of the insert can be tolerated before affecting
detection of the insert border.




EXPERIMENTAL DESIGH =£

THE EFFECTS OF SCENE COMPLEXITY AND SEPARATION
ON THE DETECTION QOF SCENE MISALIGHNMENT

Two questions posed in reference tc the effects of scene compiexity
and separation on the detection of scene misalignment are represented by
the following two hypotheses:

Hypothesis #1: The tolerance for scene r.isalignment increased with
the width of the joint or separation between two displays.

Hypothesis #2: This tolerance will vary with the dimension of
scene complexity.

Scenes may be divided into any number of separate windows in air-
craft simulators. As an example, the 747 simulator at the Boeing Flight
Crew Training Center has six displays. The directly forward scene is
provided to the Captain and First Officer from a single channel of the
image generator. Two forward oblique displays increase the field of
view for each pilot, and in addition, there is a right and a left side
window. £Each of the last four requires a separate video channel. Sepa-
rations between these displays vary from 3 arc minutes to about 20
degrees. Differences in scene misalignment across the 3 arc minute
"joint" are the subject of pilot's complaints but are often smalier than
objectionable misalignments which exist across the 20 degree separation.
Acceptable matches in color take three times Tonger to achieve across
the 3 arc minute gap because smaller differences are more easily recogni-
zed by the maintenance personnel.

This experiment is designed to provide some threshold measures for
detection of scene misaiignments with (a) rotation centered around the
middle of the picture with the fulcrum at the right side of the left
picture {at a display joint), {(b) vertical displacement of whole scene,
(¢} display joints of varisus widths, and (d) scenes with different
levels of complexity.

METHCD
Apparatus

An approach scene to Boeing International Field (heading 13) wil]
be made on 4 x 5 inch color transpositives from the piiot's eye position
in the 747 flight simulators with the G.E. Compuscene (Gl visual system,
Similarly, photographs will be taken of the CGI scene with the aircra<t
sitting on the runway and as though it were viewed from the ground at
the same altitude and distance as in the approach scene.

The three 4 x 5 inch photographs will be reshotographed cnto 35-mm

slides with a vertical strip of blackness senarating left and right
portions of the scene to make up a series of slides.
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in each slicde, the left hand scene (16 degrees of *the total =
degree horizontal field) will be either rotated cr disolaced t3 nr
misalignment at the joint. Four levels of rotation will be used, ar
Tikewide, when displacements are present, four levels will be zuilt “nic
the 35-mm siides.

Yoo

ot~}
-

+ 0«

These slides will be projected by a digitally accessed pro ector on
a rear projection screen set at an appropriate distance to provice <he
observer with a 42 x 28 degree field of view.

Experimental Design

Figure H-1 depicts the basic design for the main investigazi-~ -~
the effect of scene complexity and separation on the detection of scene
misatignment. The design is basically a "double" 3 x 4 x 5 factzria’
with the following three independent variables:

1.  Amount of scene complexity - three levels which inci.ce =
"runway" scene, an "approach to runway" scene, and a 7rmura
to air" scene. The dependent variables is a number ¢ ~—i:-
alignment detections recorded as the number of correct recnz-

2. Amount of scene misalignment (either displacement or rot:v
with rotations to be 0, .5, 1.0, and 2.0 degrees from centar -
joint. Likewise, four leveis of displacement will be .ses:
14.1, 42.3, and 84.6 arc seconds of visual angle.

3.  Width of display joint - five levels will be used: .:2%,
.50, 1.0 and 2.0 degrees of visual angle as viewed by *n
server.

i)

Observers

Sixteen pilots from McChord Air Force Base will be selected *o
serve as observers in the experiment. They will be screened for verti-
cal and lateral phoria, and have a visual acuity of at least 20.22
corrected.

Procedure

The slides will be presented for 3 seconds followed by a I se
dark interval for a response. Each observer will judge (a) whethe
misalignment exists, and (b) the kind of misalignment seen. The o
ver will be shown each slide once in a prearranged random order whic
will be counterbalanced across subjects. Each observer will see 17
slides, with a short set of training slides to precede the test sess’on.

[Srel afe!
v

(o

Sser-

3

Analysis of Resylts

The data will be treated statistically with analysis of variince,
and Duncan's Muitiple range test, along with calculations of varicus Ze-
tection thresholds. The results and interpretation will be incliced “r
a report of all phases of the study.
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Figure H-1. Experimental design for study of the effects of display joint
width and scene complexity on the detection of scene misalign-
ment (rotation or displacement).
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Conclusions, Recommendations and Documentation

The threshold for discrimination of misalignment across a display
Joint should be prcvided by these data. [t is expected that this threshold
should rise as the width of the separation {joint) increases. This would
indicate greater tolerance for misalignment the larger the separation of
displays. It is likely that straight lines in imagery will maximize
discrimination of misalignment.

Preliminary quantitative standards should be established for sopeci-
fictions on scene alignments across disparity joints.
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APPENDIX I
EXPERIMENTAL DESIGN =7
ABSOLUTE BRIGHTNESS LEVELS IN SIMULATORS

R R AN N S AT

The single question posed in reference to the effects of absolute
brightness levels in simulators on pilot performance can dDe represented
by the following hypothesis.

Hypothesis:  The absolute brightness level in a simulator will
affect pilot verformance in the areas of training, rate cf learning,
reaction time, comfort, orientation, etc.

Luminance levels in the medium and high photopic range are diffi-
cult to achieve in simulator external visual scenes. Two current full
color, day-dawn-night, raster, computer generated image systems have
6.05 and 2.5 fL as central screen luminances when viewed from the pi-
lot's eye reference point. In Figure 7-1, the abscissa is in foot
Lamberts running from .06, such as with snow in full moonlight (rod and
cone vision or mesopic range) to 104, such as with fresh snow on a clear
day (cone vision only). The eleven references used are the best of 150
studies on luminance and performance. These are excellent investiga-
tions with good experimental designs, controls, statistics and pub-
Tications. The data contained in these reports are deemed very useful
in this proposed investigation.

The two vertical lines are nearly representative of the range of
the day-dawn-night scene generators mentioned above. Another class of
scene generators are night scenes with some low level luminances of
surfaces. This second group generally range in the 0.2 to 0.4 foot
Lambert luminance levels. The small dashed vertical lines on the left
bracket this range. The luminances in the projection dome systems may
define yet a third level.

A very recent development is a night only, stroke writer system
fitted with a three color cathode ray tube. This development, in ad-
dition to oroviding blue within the night scenes, may provide lTuminous
intensity levels equal to or above the raster type day, dusk, and night
full color systems. Single flashing 1ights do have much greater in-
tensities without increasing the size by softwarc control of the area.
A fourth level of intensities may soon be available in this develiop-
ment.

In comparing the day-dusk-night systems with the night conly plus
surface systems as to Juminances, only the former reach the cone vision
only levels like the real-world, day vision luminances. For the our-
chaser of such systems, this higher luminance comes at a orice nearly
five times greater than the night only plus surface systems.

The literature on visual phenomena shows that changes in pupi]
size, changes in contrast threshold, shifts in accommodation, age and
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luminance interactions, changes in color perception, and many other
physiological and behavioral changes occur within this range. In Figure
I-1, the horizontal 1ines show, by their extent, the iuminous intensity
range included by these investigators in -heir study. Within the bra-
ckets behind the investigator's name are designators of the principal
dependent measure that was investigated; i.e., MTF refers to modulation
transfer function. However, there are no data to show that pilot per-
formance in the simulator, the learning rate, or the transfer of train-
ing are modulated by luminance levels.

This experiment is designed to obtain some preliminary data on the

influence of absolute luminance level on pilot performance and any
indication of fatigyue, eye strain, discomfort, or kinetosis.

METHQD

Apparatus

The 707 simulator at Boeing Commercial Airplane Company will be
rented as the vehicle. This will be rented with the visual systen and
an instructor pilot but no other crewmembers. The availability of this
simulator is greater than for the remaining simulators. This is the
reason for its choice; however, this brings with it the disadvantage
that the line printer cannot be used with its host computer due to
limitations of its drum memory. This eliminates gquantitative readouts
of flight parameters such as have been used in previous studies.

The visual system will be used in the "dav" mode and three dif-
ferent data bases will be used as a means for combating boredom and
basic color effects. The flying task will be aporoach and landings from
offset origins with variable crosswinds. To require dependence on the
visual scenes, the pilots will be asked to fly without altimetry, verti-
cal speed indication, or glideslope indication.

The Comouscene will be set to give a control luminance of 6 foot-
Lamberts. Three pairs of soft-sided, wide field, and ventilated goggles
will be fitted with neutral density filters: each pair with a different
density, 0.0, 1.0, and 2.0. These should provide absolute luminance
levels of 6.0, 0.6 and .06 foot-Lamberts. These levels are designated
by the triangles in Figure I-1 just below the abcissa.

txcerimental Desiagn

Figure [-2 depicts the basic design for the investigating ¢f the
effect of absolute brightness on pilot performance and comfort. The
design is a treatment by subjects design with the single independent
variable of absolute luminance at the levels of 6.0, 0.6 and 0.26 foot
Lamberts.

The dependent variable will be the measures of: instructor nilot
ratings, frequency and content of pilot commands on conditions such as
stress and visual discomfort, reaction time to failures, and loss of
orientation or kinetosis.
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* Observers

For this preliminary study two pilots will serve as observers.

g Preferably USAF pilots from McChord will be used. The requirement woul?
' be a full day and 2 half-days of temporary duty each. The full day woulc
v include some special visual tests in the half-day when they were not
flying the simulator.

Procedure

The experimental runs will follow the diagram of Figure I-2. £fach
3 pilot will participate in each cell. Each cell will be a flight sessior
of 4-hour duration without a rest. Standardized airborne failures will
be instituted to measure reaction time and/or vigilance.

[ SN S

The effects of three levels of display brightness 4-hour flight !
times encountered in simulators will be assessed by reports of eye i
strain, fatigue, stress, and pilot preference. In addition, measurement
of reaction time to displayed information such as an o0il pressure drop i
in engine will be taken.

Analysis of Results

Since eye strain, fatigue, and stress do not have objective mea-
sures, subjective measures will be frequency of complaints, recording of
all comments, and responses to verbal guestions from a standard set used
under each condition. An instructor pilot will be scaling the perfor-
mance of flight maneuvers. Reaction times will be by stop watch from
insertion of failure until pilot response.

Conclusions, Recommendations and Documentation

The performance of the pilots should show a higher frequency of
omissions and small deviations in the flightpaths for at least the
Towest luminance Tevel. Instructor ratings should show a falloff in
performance as a function of time for the lower luminances. The fre-
quency of complaints, comments about the wind, and failure deviations
should follow the loss of performance. Some comments about loss of
image quality may reflect accommodation spasms. Some discrimination of
differences in colors among the fields should occur and possibly be
reflected in performance variations. Eye strain, fatigue comments, and
irritability may show up. It is doubtful that rated and current piiots
will experience any motion sickness or disorientation.

If two pilots, which is an insufficient sample, show a trend that
indicates that the experiment is sensitive enough to pick up differences,
reallocation of funds or additiomal funding may be warranted to increase
the pilot oopulation from two to eight.
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Dependent Measures Task

IP ratings Repeated approach and landings
Frequency and content on 3 different data bases, cross
of comments on conditions winds and scheduled failures, no

Reaction time to failures altimetry, vertical speed indi-
Comments of stress, visual cation or glide slope. Continuous
discomfort, loss of orien- activity for four hours.
tation or kinetosis.

Figure 1-2. Experimental design for hypothetical study no. 7.
Absolute luminance level and performance in a simulator.




