b e - w e e . mm mma o a emen

ED 072 686 o ) EM 010 739

AUTHOR King, Barry C.; Fowler, Frank D.
TITLE Relative Effectiveness of Two and Three Dimensional
- Image Storage Media. Technical Report.

INSTITUTION Naval Training Equipment Center, Orlando, Fla.
REPORT NO NAVTRAEQUIPCEN-70-C-0238-1

PUB DATE Sep 72 »

- NOTE - 128p.; Prepared under contract by Martin Marietta

] . Corporation, Orlando, Fia

EDRS PRICE MF-$0.65 HC-$6.58 , \
NDESCRIPTORS Comparative Analysis; *Flight Training; Military

Training; Navigation; *Simulators; #*Stereopsis; -
*Visual Aids; Visual Perception
ABSTRACT .
In the design of visual simulation equipment for
training systems, one key decision is the nature of the image storage
medium to be used. One consideration in this complex issue-is the

adequacy of the depth cues which can be derived from imagery based on -

two- rather than three-dimensional sources. Although motion parallax
is a relatively minor cuve, it is the essential difference between
imagery derived from two- and three-dimensional sources. This study
was designed to investigate the role of motion parallax in the
perception of apparent depth on a dynamic television display.
Subjects were tested on their ability to perceive dimensionality as a
function of altitude. The results showed that motion parallax
provides a useful cue to depth only at very closé ranges. It was
concluded that for training problems which require simulation of
television navigation and/or targeting imagery there is little or no
advantage in the more expensive three-dimensional image storage
devices for altitudes above 750 feet. (Author/JK) ’
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.An experment consisting of twe. ..eries of tests is described Both
tests were designed to-evaluate the ability -of subjects to perceive the " - - ‘
dinensionality Of 'source material used to generate dynanic V. inages of - -
simulated mlitary targets. - The first series ‘of- tests, designated the: = .
Dive Approach’ series, was des:.gned to. 1nvestigate ‘the perception of notion-
, depéndent. cues to apparent depth durir.g an: approach to the’ “target-area- at )
a constant dive. angle: - This. type ‘of. approach was selected to. represent T
. the, final "flight path.of.a TV guided ‘missile.” Behavioral techniques were -
used to assess. the ability of -observers to detect ‘these. cues in ‘dynamic. -
imagery presented via V., Jl_'he stimulus naterial used in°. these hehavioral .
tests consisted of video recordings:.of target convergence rins:made in the -
Martin Marietta. Guidance Developnent Cénter (GDC): ueing 37 di-ensional (3-D)
and- optically sii\ulated 2 dmensional (2~D) tarqet areas. L ‘-‘;
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, 'I‘he second series oﬁ tests, designa‘ted the Conetant Altitude"~“ ~L
Approach series,-was’ designed ‘to investigate ‘the. perception of" rotion- '- . ’f‘ .
dependent cues_to. dmensionality derived~ frcu si-ulated horiaontal flight e
at various- altitudes., ‘Again, the. naterials used in’ ‘the" behavioral analysis

. were video. recordings of selected target runs made on'the GDC terrain _’ ”
model. LT Sy WSS o e - S

. The magery used(in these two series of tests included a vide variety e
of manmade targets andnatural terrain features.~ Both tests were con- )
ducted as conplete“factorial designs .::—:?:: :

‘The results show.—that movement parallax provide ; o »
depth only ‘at .very. close ranges. : This .was’ true whether the target -area S
appeared ‘to:expand- radially *around the aim pointeas an.the constant: d ve oo
angle tests,.or appeared to- ‘progress “from; top to botton of ‘the “TV, screen N
as ‘in the testsidesigned to’ ‘similate” horizontal flight. “rhig finding.has R
) significant inplications for- the»design of. v:.sual sinulation equipnent to*” RO
- be used for training.: Thus, for training problems vhich -require: siuula-‘ I
tionof. 'rv navigation and/or 1.arget1ng inagery,x sérious: consideretion i T
y . - should be given ‘to the use of ielatively‘ ’inexpensive 2~D¢inage storage
) devices for altitudes in excess of 750 feet. . )
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FOREWORD

In the design of visual simulation equipmeit for training systems
one key decision is the nature of the image storage medium to be employed.
This is a complex jssue involving many diverse considerations one of -

“which is the adequacy of the depth cues which can be derived from imagery
based on 2 as opposed to 3 dimensional sources. '

Many of the obvious and compelling cues to depth such as interposi-
tion, relative size, aerial perspective, etc., are independent of both
source dimensionality and dynamic conditions. Others however, such as
movement parallax and vertical perspective change can only occur as a
result of relative movement between the observer and that which is ob-
served. Thus, although motion parallax is a relatively minor cue to
deptk it is the principal subject of this s”udy since it constitutes the
essential difference between imagery -derived from 2 and 3 dimensional
sources. : - - :

Specifically, this study was designed to investigate the role of
motion parallax in the perception of apparent depth on a dynamic TV dis-
play. This was accomplished in two steps. Video recordings were obtained
of both 3 dimensional.and optically simulated 2 dimensional target areas
using two basically different approach geometries. The resulting imagery
was then used in a series of behavioral tests to assess the ability of
subjects to perceive dimensionality as a function of altitude.

The results of these analyses show that movement parallax provides
- a useful cue to depth only at very close ranges. It was concluded that
for the training problems which require simulation of TV navigation
and/or targeting imagery there is little or no advantage in the more
“expensive 3 dimensional image storage devices for altitudes above 750 feet.

/ ' KNOX E. MILLER
Project Psychologist
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SECTION I |
INTRODUCTION

1.  BACKGROUND

The purpose of this study is to acquire quantitative behavioral data
which will help resolve an important and persistent design igsua in the
development of visual simulation equipment for training systems. One of
the key decisions to be made in.the design of visual simulation equipment ‘ ;
is the nature of the image storage medium, i.e., 3-dimensional terrain
model, 2-dimensional transparency, or mathematical model {(for computer
based displays). This is obviously a complex issue involving many
engineering, human factors, economic, and mission considerations. One
such consideration is the adequacy of the depth cues which can be derived v
from imagery based on 2~ as opposed to 3-dimensional gources.

The various cues to depth can be classified in terms of their depen-
dence on uotion. That is, many of the most compelling cues such as inter- , 3
position, relative size, aerial perspective, etc., can be considered ro
essentially static since they are present under both stztic and dynamic
conditions. Others, however, such as movement parallax and vertical
perspective change can only occur as a result of relative movement betweeﬁ,
the obsexver (sensor) and that which is observed. Although motion
parallax is a relatively minor cue to depth, it represents the essential
difference between imagery derived from a 3-dimensional source (terrain
model) as opposed to imagery derived from a 2-dimensional source (trans-

parency). .

Therefore, this study was specifically designed to investigate the
role of motion parallax in the perception of apparent depth on a dynamic
TV display. To accomplish this objective, it was first necessary to
acquire simulated target imagery under a variety of experimental conditions
for use as stimulus material in a series of behaviorzl tests.

These stimulus materials required the development of a special optical
technique to provide sets of equivalent target runs differing only in the
presence or absance of motion dependent depth cues. This technique, which

- simulates a 2-dimensional image source by eliminating relative motion
within the visual field, is described in detail in a subsequent section.’

This study was primarily designed to investigate the perceptual pro-
cesses involved in viewing target imagery by means of a TV display. It was,
however, considered desirable from the standpoint of potential applicaticn
to utilize representative real world conditions in tevms of flight tra-
Jectory, sensor viewing geometry, and ground imagery. Therefore, both
constant dive angle and constant altitude approaches were employed at
simulated velocities consistent with operational training problems. An !
optical zoom technique was employed in the Dive Approach runs to obtain
the equivalent of 2-dimensionally based imagery using the same target
models as the 3-dimensionally based imagery. T™e Constant Altitude series
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of tests was based on 3-dimensional imagery exclusively. Mcvet, the
video tapes used in this series of tests inciuded motion dependent cues to
depth ranging from well below to well above threshold in each of the target

areas.

2. OBJECTIVES

«
e e o ——

The primary objectives of this study were:

a. To evaluate the ability of subjects to perceive the dimension-
ality of the source used to generate dynamic target imagery on a TV dis-

play.

b. To identify the motion dependent cues responsible for the
illusion of depth on a 2-dimensional screen.

c. To determine the relative importance of certain salected
variables in providing these cues. .
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SECTION II
METHOD
INTRODUCTION

Two series of tests were conducted in this experiment - both designed
to evaiuate the ability cr subjects to identify the dimensionality of the
gource of target imacery viewed under d’namic conditions on a TV monitor.
The first series of tests, identified as the Dive Approach, was designed
to determine the point at which subjects can perceive the dimensionality of
imagery typical of the final flight path of a TV guided missile, i.e., from
a simulated 10,000 feet down to within 1,500 feet of impact. In the Dive
Approach tests, the target area appears to expand radially from ti:e aim
point at the center of the display. The behavioral tests were based on .
recordings of target convergence runs made in the Martin Marietta Guidance
Development Center (GDC) - see Figure 1 - using 3-dimensional and optically
simulated ?-dimensional target areas. (The method of target image genera-
tion is described in Appendix F.) Prior to preparation of the video tapes
used in the behavioral analysis, a pilot study was performed to select the
most appropriate target runs in terms of realism, approach velocity, flight
times, and illumination conditions. The Dive Approach runs which were
selected were then dubbed from the master video tapes orto the final stimu-
lus tapes in an irreégular sequence. The second series of tests; designated
the Constant Altitude Approach, was designed *o investigate the ability
to perceive motion dependent depth cues as a function of altitude/slant
range in simulated hcrizontal flight. As above, the behavioral stimuli
were video racordings of selected target runs on the GDC terrain model.
These two series of tests included a wide variety of dynamic imagery in
which a number of manmade targets and natural terrain features v:izre avail-
able. Both tests were conducted as complate factorial designs.

2. DiIVE APPROACH TESTS

2.1 EXPERIMENTAL DESIGN. The folléwing variables were expected to be the

most important determiners of the perception of apparent depch under

dynamic conditions and are discussed in detail in the following section.
a. Target Areas: Containing various types of dimensicnal cues

b. Approach Velocity: Two approach speeds, 650 and 1,100 ft/s

Subjects: Experienced military pilots and naive subjects
Stored Image Dimensionality: 2-D and 3-D

Shadow Conditions: Shadowed or nonshadowed.
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GDC Main Building

Transverse Carriagé€
Assembly

Gimbal-Mourted
TV Cameia

TV Camera FOV / \
. 4 .
1 Be
// Vertica

Viewed Target -. P Movement
Area L~ 7/ Terrain Model
Movement

Terrain Model
(outdoor Location)

Figure 1. Basic Guidance Development Center (GDC) Test Stimulus
Generation Setup

2.1.1 Independent Variables.

2.1.1.1 Target Areas. Five areas, each containing typical military targets
as well as varied terrain features, were used. These areas, plus a prac-
tice area, are shown in Figure 2. The target objects were selected to pro-
vide a wide range of representative sizes, orientations, vertical heights,
and spacings. Average contrast levels and linear measurements of selected

target features were recorded for each of the target areas. These measure- -

ments were then used in the calculations of angular displacement and per-
centage field of view (FOV) movement as discussed in the Results section. The
five areas are briefly described below. (Appendix D provides more detailed
information on their physical characteristics.)

a. ~Airport: Contained hangars, operations shack and various aircraft
placed in close proximity to enhance movement parallax effects.

o s e e o e vy gl
.
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Mountain Storage Facility Practice Area

Figure 2. Target Areas for Dive Approach Tests
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b. Truss Bridge: Open framework structure that provided prominent
mution-dependent cues in a rq}ling terrain background.

c. Industrial Area: Consisted of typical building,- streets; and
vehicles. : '

d. POL Storage Facility: Placed in a desert area containing few
Eeatures and no elevation differences.

e. Mountain Storége Facility: Provided pronounced terrain varia-
_tions as well as dimensional cues peculiar to manmade objects.

In addition, an area was selected which provided obvious cuas to
dimensionality. for the purpose of demonstration. - This area is also shown
in Figure 2 and consisted of a large suspension bridge, tall buildings,
and critical street orientations relative to the buildings.

2.1.1.2 Velocity. Two realistic approach velocities were selected: 650
and 1100 feet per second (380 and 650 knots). This resulted in an image

équence length or approximately 13 seconds for’the lower and 8 seconds
for the higher simulated approach velocity.

2.1.1.3 sSubjects. Two groups of subjects consistiﬁg of both opera-.
tionally expe;ienced pilots and naive college students were used.

2.1.1.4 stored Image Dimensionality. The techniques used to generate the
master video tapes are described in detail in Appendices E and F. The
most critical aspect of this effort was the producti~- -f target imagery
differing only in the presence or absence of mo..on-dependent depth cues.
This was accomplished in the 2-D runs by continuously controlling the TV
camera optics to provide the same image growth rates as in the 3-D runms.
Figure 3 depicts the 2-D and 3-D Dive Approach geometries. The scale
factor employed in these runs was 250:1. (Appendix D describes the method
of converting from the basic 600:1 -GDC scale to the 250:1 scale factor.)

In the 3-D runs, constant velocity closure was accomplished by
decreasing the camera-to-target range at a constant rate, i.e., the
terrain model moved longitudinally and the gimbal-mounted TV camera des-
cended at the proper.speed (under computer control) to simulate a diving
trajectory. The approach geometry was defined by a 30-degree dive angle
from a simulated 10,000 foot slant range down to 1,500 feet, with corre-
sponding altitudes of 5,000 to 750 feet, respectively. In the 2-D runs, a
zoom lens was used to simulate a constant velocity dive without relative
motion within the visual field (see Appendix B). This was done by posi-
tioning the gimbal-mounted TV camera at a fixed point along the descent
path used for the 3-D stimulus generation and carefully aligning it with
the same target aim points. The zoom lens focal length was adjusted
under computer control to produce apparent closure at the same scaled
velocities used for the 3-D cases. These differences in the 2-D and 3-D.
approach geometries resulted in the display of slightly different areas in
the longitudinal axis. In addition, the 2-D aspect angle remained con-
stant while the 3-D convergence runs produced smgli changes in aspect
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Range/Altitude Table
Slant Range, R Altitude
Position I (feet) . (feet)
jActual | Simulated Simulated
R, (start) 40 10,000 5,000
R (end) [ 1,500 750
Rz 14 3,500 1,750

Comditions

* FPixed TV FOV - 4.Se vertical and 6* horizontal

* Two simulated velocities used:
V = 1,100 £t/s = €50 knots
V = 650 ft/s * 380 knots

Zoom (2-D) Lens Position

Gzv (max.) = 13° (geart) .

Gzv (min.) = 2.0° (ena)
2Zoom Coverage

Terrain Model

(250 to 1 Target Scale)

Figure 3. Profile of Basic 2-D 3-D Dive Approach Geometry

angles. Preliminary tests showed, however, that the differences in
longitudinal coverage between the 2-D and 3-D imagery were not detected

by any of the subjects.-

The only usable cues to dimensionality then

were those of motion parallax, and, to a much lesser degree, perspective
change (see Appendix B).

2.1.1.5 shadow Conditions. Since useful depth information can often be
derived from shadows, several target areas were studied under shadowed
and nonshadowed conditions.

2.1.1.6 Display Viewing Distance. Two viewing distances were used:

20 inches and 59 inches.:

The closer distance represented a normal

subject-to-TV monitor separation for ease of viewing. The longer dis-
tance was used in a portion of the tests to achieve a display magnifi-
ty. This was done in order to provide equivalence between
the motion parallax values available via the TV display and those which
could be directly observed on the terrain model.

cation* of uni

2.1.2 Pactorial Layout. These independent variables were presented in a

complete factorial design. Five target areas, two velocities**, tyo subject

categories, and twc types of imagery (2-D and 3-D) were used. Shadow and

* Ratio of total displayed visual angle to TV camera fixed FOV in the

3-D runs.

** Pour target areas were tested at both velocities (see Figure 4). -
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nonshadow conditions were provided for two areas and were analyzed as a
subtest. The main test layout for the 2-D case is shown in Figure 4.

T T

. "
.. - <«
650 .
= a
) ) “ .
-§ 1,100 Not 1 ) . - - 540
o I~ Tested W
$ g
- ©
A o
Mtn. Ind. POL  Bridge Airport - ¢ &F
Storage Area

NOTE: Repeat above blocks
TARGET AREA for 3-D case

Figure 4. Complete Factorial Layout for Dive Approach Test
" (2-D Case) :

2.2 BEHAVIORAL TEST PROCEDURES. The equipment used in the behavioral
tests consisted of a high quality 8 inch display, a helical scan video

recordier, a chin rest for maintaining eye height and distance from the

disylay, and an audio tape recorder to record subject .responses.

2.2.1 stimulus Presentation Sequenée. The stimulus tapes were dubbed
from a master video tape in an irreqular sequence of targets and other

test parameters. Calculated slant ranges were dubbed onto the audio track
of the video tape at 1,000 foot intervals. The presentation sequence is
given in Table 6 of Appendix F.

2.2.2 Dpata Recording. The subject was asked to respond verbally (2-D, 3-D,
or Don't Know) as soon as he made his decision concerning the dimension-
ality of the particular presentation. This response was recorded in
synchrony with the vide6 tape sound track which provided slant range data.
This data was then  reduced by reviewing the audio tape and determining

at what range (in thousands of feet) the subject made his determination.

As a back-up précedu;e, the test conductor also recorded the subject's
rasponse on a separate data sheet.

2.2.3 Dependent Variables. Two dependent variﬁbles were used in this
test: range at time of response, and accuracy of the subject's judgment.

The subject was urged to make the earliest possible determination but was
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!
allowed to change his mind at the end of the run. The purpose of this
approach was to encourage responses at the maximum ranges while maintaining
a high percentage of correct final answers. At the end of the test, each

subject was asked to identify and describe specific features of the target
areas that provided cues to dimensionality.

3. CONSTANT ALTITUDE TESTS

[}

3.1 EXPERIMENTAL DESIGN. The independent variables in this test were: ¢
a. Target Areas
b. Velocity
C.- Experience of the Subjects
. d. Field-of-View/Slant Range/Altitude Combinations

This test was designed to evaluate the ability of subjects to detect
the cues to depth which are present in a -dynamic TV Presentation as a
function of altitude in simulated horizontal flight. Using many of the !
same targets employed in the Dive Approach tests, video tape recordings .
were made at four different altitudes. The fields of view (FOV).were - ‘
adjusted by use of the zoom lens so that the camera-recorded the same
lateral dimension at each altitude. Under these conditions,)the only cues :
present were motion parallax and perspective change as in the first test. -
The details of the image generation techniques are discussed in Appendix E.
However, Figure 5 is presented here as an aid in visualizing the technique. :
The TV camera was fixed at a 30-degree depression angle, as in the previous ;
test series, providing slant ranges equal to twice the corresponding alti-
tudes. The terrain model was driven beneath the camera at the desired
constant velocity. This test was designed as a supplement to the Dive

! Approach test to cover a wider range of operational conditions.

N

3.1.1 Indepenéent Variaﬁles.

3.1.1.1 Target Areas. Seven target areas were used. These consisted of
constant altitude flight paths across the length of GDC terrain model.
Figure 6 shows the entire terrain model* with the flight paths superimposed.
An attempt was made to include all areas used as tagrets on the Dive.
Approach test so that direct comparisons could be made. The areas ranged
from those containing predominantly manmade objects, to mountainous
-terrain, to flat featureless terrain containing almost no manmade targets,
The seven areas, including summaries of their general composition, are
listed below: (These are listed in order from left to right as shown in

: Figure 6.) .

* The view is from an elevated position representative of that at which é
the TV camera was located. The terrain model is in the GDC outdoor test :
area and is illuminated by sunlight.
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Actual Distance | Simulated Dastance |
Position (feet) (feet)

Range ! Altitude] Range Altitude

Constant Altitude RI/HI 40 20 10,000 5,000
— v

-RJ/HI 20 ; 10 5,000 2,500
RJ/H3 12 6 3,000 1,500
1 R4/H‘ 6 3 1,500 750
B

=

' Two simulated velocities uged:

V = 200 ft/s * 120 Knots

Sy
Terrain Model

V = 400 ft/s = 240 Knots (250-to-1 Target Scale)

Figure 5. Profile of Constant Altitude Approach Geometry

Figure 6. Terrain Model Ground Track Paths for Constant
Altitude Approach Tests
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d. Airport: 1Included the same area and structures used as the.
airport target for the Dive Approach test,

@ e

b. Harbor: A continuation of the flight path containing the air- §
port target. It offered little in the way of vertical structures and :
contained a considerable expanse of water with only.a few ships visinle.

c. Practice Area: Same as that used in the Dive Approach tests. i
This was selected because it contained the tallest vertical manmade * i
Structures available on the GDC model., : ;

- d. General Terrain: Essentially featureless, with only a few
trees, almost no elevation changes and a large lake. This area was

) similar to much of the area that a pilot might cruise over on his.way to
- a target. . :

e. Bridge: 1Included the same truss bridge used in the first test,

f. Mountain Top: Included flight over a mountain Peak. 1It-was
expected that the most obvious depth cues would be present on this
flight path.

g., POL Facility: 1Included the same POL target aréa used in the
Dive ‘test, However, it was necessary to avoid the elevated terrain
shown in -the initial portion of the 3-D Dive Approach run since it
would provide an exaggerated clue inconsistent with the rest of the
flight path. g

h. Mountain Stofage Facility: Included the same area and struc-
tures used in the Dive test.

. K ctrmmemms oot A ooms oo s on
T ek 4 AT - A . B SN T T MRt

3.1.1.2  Velocity. Two simulated flight velocities were used: 120

and 240 knots. These relatively slow velocities were chosen to provide

minimum image smear on the TV display. The slower velocity was used in
. the factorial analysis of all target and FOV/SR/Alt combinations and

T M A M K

3.1.1.3 Experience. Two groups of subjects were selected to provide
a basis for generalizing the results: experienced ex-military or active
reserve pilots and a naive group consisting of company secretaries.

3.1.1.4 PQV/slant Range/Altitude. Five FOV/SR/Alt combinations were

¢ used: 2°/10,000/5,000 ft., 4°/5,000/2,500 ft., 7°/3,000/1,500 fe.,
13°/1,500/750 ft., and 13°/3,000/1,500 ft. The first four FOV's were
chosen to provide approximately the same amount of terrain area exposure
for each altitude. The last FOV/SR/Alt combiijation was selected to eval-
vate response at a given altitude with different FOV's: 13°/3,000/1,500 ft.
vs. 7°/3,000/1,500 ft. When not referring to this particular case, these i
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combined parameters are considered only in terms of slant range/altitude
values, i.e., the subjects were responding to dimensionalty effects pri-
marily assuciated with viewing range and altitude, not FOV.

3.1.2 Factorial Layout. Figure 7 depicts the complete factorial layout
with seven target areas, five FOV/SR/Alt combinations and two subject

. experience levels. As noted above, the higher velocity condition was
analyzed as a subtest and is shown as an insert. Seven experienced pilots
and four naive subjects were used. )

]
2°/10K*/5K" ”////’ ' Condition
/ / Velocity =
4°/5% /2, 5x¢ ’ o ’ftl'!
M ////’
g 79/3K' /1. 5%
~ /
§ [ 3
Ld
13/3%'/1.5K° ¢
0’1
)
»
134/1,500° /750 & -
o
0‘&&/
Mtn.  Adrport POL Bridge Mn.  Marbor  Gen. .
Top " Storage Terrain
(#5) W) e we) (M w2)  (93) Condition
TARGET AREA FOV/SR/ALt =
. 13°/1,%00/750
, 400 o
| ‘ te/s »
, 200
i fe/s ,¢¢t;¢¢f’
: Adrport ° Harbor

TANGET AREA

Figure 7. Complete Factorial Layout for Constant Altitude Test

3.2 BEUAVIORAL TEST PROCEDURES. The test facilities were identical to
those described in Section 2.2 except that since subject responses were
not time-critical, it was not necessary to use an audio -recorder for this
purpose, ’

3.2.1 sStimulus Prescntation Sequence. The stimulus video tapes were
dubbed from a master tape and were again arranged in an irreqular
sequence, with the restriction that no area was allowed to immediately

12

wme v

o e e

T O AN HEEAAH O 1IN

TN i et AR oo

R L I i




NAVTRAEQUIPCEN 70-C-0238-1

follow itself. Different combinations of th

the first seven trials to provide a means of reshowing those runs at the

end of the test to elicit subjective comments from the subjects. The pre-
sentation sequence is given in Table 7 of Appendix F.

e Seven areas were offered in

3.2.2 Data Recording. The subjects responded at the end of each run by
stating either “2p", "3D", or "Don't Xnow". The responses were recorded
by the test conductor. At the end of each complete test, the subjects -
were reshown each area and asked to describe what particular features
offered them clues to the dimensionality of the image source. These
comments were recorded for later comparison with performance.

13
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SECTION III

DISCUSSION OF RESULTS

1. DIVE APPROACH TESTS.

Results of the analysis of variance (AOV) performed using both slant

range (Table 1) and average correct response (Table 2) showed that sub-

jects were unable to distinguish between the 2-D and 3-D presentation. The
performance of the experienced pilot group was not significantly different
from that of the naive college sophomores. Average slant range from the
targets was about 2,800 feet when response was made (Figure 8), and even

at this close range (termination was at 1,500 feet) the subjects' judqments

were only approximately 50 percent correct. Figure 9 illustrates this
correct response percentage as 2 function of target area.

TABLE 1. ANALYSIS OF VARIANCE SUMMARY FOR DIVE APPROACH
TEST FOR THE SLANT RANGE DEPENDENT VARIABLE

: - Significant

Source } dat+ ss Ms F Level
Target Area (A) | 3 3.176 1.058  1.36 N.S.
Velocity (V) 1 4.274 4.274 5.49 0.05
Experience (E) 1 0.005 0.005 <1 _ N.S.

xV 3 ) 0.926 0.309 <1 N.S.
A X E 3 2,023 0.674 <1 N.S.
VXE 1 0.055 0.055 <1 N.S.
AXVXE .3 1.734 0.578 <1 N.S.
Error 96 74.716 0.778 -

Total 111 86.91

l.1 TARGET AREA. While the target effect was not significant overall,

there was a significant difference between the slant ranges at which responses
were obtained for the Industrial and Airport areas compared to the Mountain
Storage and Bridge areas (Figure 8). fThat is, the subjects responded to the

* Tables 1 and 2 summarize the AOV results for the selected combination
of two approach velocities and four target areas. A complete factorial
analysis also was performed using all five areas (including the Mountain

Storage Facility) at the single velocity of 650 feet per second. Again,
the target area factor was not significant.
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TABLE 2. ANALYSIS OF VARIANCE SUMMARY FOR DIVE APPROACH TEST
FOR THE AVERAGE CORRECT RESPONSE DEPENDENT VARTABLE

| Significant
Source arg+ 3] MS - F Level
Area () 3 0.124 0.041 <1 N.S.
Velocity (V) 1l 0.Gl69 0.0169 <1 N.S.
ExXperience (E) 1 0.031 0.031 < N.S.
A ARV 3 0.113 0.038 <1 N.S.
] AXE 3 0.119 0.080 <1 N.S.
VXE 1l 0.007 0.007 <1 N.S.
AXVXE ) 3 0.076 0.025 <1 N.S.
} Error 96 5.0 . 0.053 <1 N.S.
Total ° 111 5.563
]
(? T T T |
. P Q
2,000/71,%00 L. | * .: " o
_ X : ? ‘
§ M :
. - X T
| P
U
s "2,000/3,000 L. x o
i -—
? O o
é x 1,100 tv/s
1,000/500 J- =
N
—_ | 1 | 1
, Alrport Ind. Ares 0L Scidge M. Sterape
{ . Target Areas
Figure 8. Slant Range/Altitude at Response as a Function of Target Area
for 650 and 1,100 Feet per Second Velocities for Pilot Subjects:
i . Dive Approach Test
15
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Target Areas

Figure 9. Percent Correct Response as a Function of Target Area

for 650 and 1,100 Feet per Second Velocities for Pilot Subjects: *
Dive Approach Tests

Industrial and Airport areas at a significantly greater range than they did
for the Mountain Storage area or the Bridge area (3,200 plus feet versus 2,300
feet for the latter area). This does indicate a trend in the subiects' :rs~
ponses (although still only chance statistically) which can be related t-

the target characteristics and relative sizes. While the subjects were able
to respond at a greater slant range, their answers were not significantly
different from their responses at the closer ranges. This is illustrated

in Figure 9 which shows the percent correst response as a function of area.

The target area characteristics for both the Dive and Constant Altitude
approaches are discussed in detail in Appendix D.

1.2 VELOCITY. The effect of velocity was significant at the 0.05 level for
the slant range variable (Table 1). The essentially constant differences in
response ranges at the two velocities can probably be accounted for on the
basis of simple reaction and/or decision time. That is, thé subjects probably
perceived target dimensionality at the same slant range for both velocities,
but with an essentially constant response time, the higher approach speed re-
sulted in a shcrter slant range at the time of response. This appears to be
the most likely explanation for the observed effect, since the time spans in-
volved are consistent with this hypothesis. However, it is also possible that
the different velocities may have had an effect not explainable within the con-
text of this study. While the evidence is not conclusive, it appears that the
differences in approach velocity, although they resulted in different response

ranges, did not affect the discriminability of dimensionality under the con-
ditions of this experiment. -
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L

1.3 SHADOW VERSUS NONSHADOW EFFECTS. Two areas, the POL Facility and the
Airport were presented under both shadow and nonsnadow conditions. This
variable was not significant. While the nonshadowed imagery was consistently
Fesponded to at a greater distance than 'its shadowed counterpart, the dif-
ferences in response distunce were not statisticzlly significant.

1.4 DISPLAY VIEWING DISTANCE. Two display viewing distances were used:
20 inches and 59 inches. There was no measurable difference in performance

between the two. This indicates that the fidelity of the image displayed via TV

was the limiting factor in both cases.

1.5 SUBJECTIVE RESPONSES: At the end of each test, the subjects were asked
what aspects of the target areas aided them in making their decisions. For
the most part the subjects were unable to identify the specific target
cheracteristics responsible for their decisions. However, the control tower/
operations building complex and the doorway of one hangar appeared to offer
the most useful clues.

2.  CONSTANT ALTITUDE TESTS

Complete factorial analyses of variance (AOV) of this experiment (lay-
out is shown in Figure 7) were performed, and the summary of results is
shown in Table 3. Both target areas and FOV/S3/Alt values were significant
at the 0.01 level along with the interaction of experience and FOV/SR/Alt. *
The experience factor, i.e., pilots versus female secretarial help was sig-
nificant at the 0.05 level indicating a difference in responses to the
stimuli between the two groups. Two target areas were tested -at two ve-
locities and while there was a difference in performance with area there was
no difference attributable to the increased approach velocity. Each factor
is discussed in detail in the following secticns.

TABLE 3. ANALYSIS OF VARIANCE SUMMARY FOR CONSTANT ALTITUDE TEST

—

. Significant

Source at . 88 MS F Level
Area (A) 6 5415.4 902.6 10.00 0.01
Experience (E) 1 646.1 646.1 7.17 0.05
FOV/SR (F) 4 4974.2 "1243.6 13.83 0.01
AXE 6 1064.0 177.3 1.97 N.S.
AXF 24 3616.0 150.7 1.67 * N.S.
ExF 4 1004.2 251.1 2.79 0.01
Residual 24 2155.7 89.8
H Total 69 18,875.¢
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2.1 TARGET AREA. Finure 10 depicts the percentage of responses in which
the source material was correctly identified as being 3-D. The data for both
groups of subjects are represented, the divisions on each bar showing the
percent correct-at several selected slant ranges. From this illustration

it can be seen that Mountain Area (#5) and Airport (#l) were identified as 3-D
approximately 95 percent of the time at the 1,500/750 fcot SR/Alt by the pilots
and only 75 percent and 50 percent, respectively, by the naive subjects.

In the 3,000/1,500 foot SR/Alt case, experienced subjects got 85 percent
correct for the Mountain Area and only 73 percent correct for the Airport.

In the same tests the naive subjects correctly identified the source dimen-
sionality on only 73 percent and 50 percent of the trials, rgspecti@ely.~ The
most difficult target to perceive as 3-D was the General Terrain Area (#3)
which elicited only 28 and 25 percent correct responses for the experienced
and naive subjects, respectively, at the closest (1,500/750 foot SR/Alt)
distance.

An example of how the ability to perceive motion-dependent dimension-
ality cues changes as a function of the raage/altitude combination is shown
in Figure 11. At the closest range the POL Target Area (#6) was judged as
3-D at a response level similar to that of the Mountain Area (#5) which had
the highest percentage of 3-D Judgments. However, at the greater ranges the
response level for Area 6 was statlstlcally similar to Area 3 (Ceneral
Terrain), the area receiving the lowest average percentage of 3-D judgments.
Thus, somewhere between the closest approach (1,500/750) and the 3,000/1,500
condition, the ability to perceive mtion-dependent dimensionality cues
diminished appreciably. This decrement is evidently related to the specific
characteristics of the target area involved. The reason for this abrupt
.change in performance on Target Area #6 is not clear. The tentative con-
clusion is that there must be some unusual cognitive process or some form of
attention focusing involved in this case. Thus, on Area #3 there is a
decided lack of target structure on which to focus attention. On the other
hand, Area #6 contains a very conspicuous POL complex. Apparently, whatever
cues exist are easier to discriminate on Target #6 than on the other two
areas. This is probably because the subject's attention is focused on the
structural details of the manmade objects for a proportionally longer time
during an approach to such a conspicuous target.

Figure 12 shows the variability or range of responses across FOV/SR/Alt
combinations. Recsponses ranged from a low of 28 percent judged correct at
the closest SR/Alt for the General Terrain Area to 96 percent for both the
Airport and Mountain Areas (#1 and #5). At the 10,000/5,000 foot distance,
less than 4 percent were judged as 3-D for Areas #2 and #4 (Harbor and Bridge
Areas) up to 45 percent judged 3-D for the Mountain Area (#5). The single
wide FOV condition at the 3,000/1,500 foot distance resulted in an increase
in the percentage judged to be 3-D for some of the target areas, notably
Areas #4 (Bridge), #6 (POL),.and #7 (Mountain Storage Area). The most dra-
‘matic increase was for the Mountain Storage Area which went from 42 percent
judged 3-D at the 7 degree FOV at 3,000/1,500 feet to 88 percent when a
13 degree FOV was used. The other two areas were not as dramatic in their
changes but were statistically significant at the 0.05 level of confidence.
Analysis of the content of these areas revealed that in the wide FOV, new
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Figure 10. . Percent Judged 3-D as a Function of Target Area with SR/Alt
Noted as Bar Graph Divisions (for Both Pilot and Naive Subjects) - !
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Figure 11.

Interaction of Target Areas as a Function of Range/Altitude
for Areas 5, 6 and 3 ~ Constant Altitude Test

areas of terrain containing higher vertical elevations were available to be
seen as compared with the smaller FOV. This increase in the terrain within
the FOV {containing additional and more prominent cues to dimensionality)
more than offset the effects of increased range/altitude. This can best be
seen by reference to Area #7. For the narrower FOV (7 degrees), the stéep
slope of a mountain side directly adjacent to the buildings was not visible.
All judgments had to be made primarily on the basis of the buildings them-
selves which, although they were the most prominent features in the area,
were relatively small and separated so that few cues could be derived from
them. For the wide FOV, however, the total mountain side was visible and
the subjects now had a completely different (and expanded) set of cues on
which to base their judgmenis. Their scores were identical to those
obtained on the Mountain Area (#5) at both 7 and 13 degree FOV's. For

Area #5, the primary cue - the mountain side - was visible in both FOV pre-
sentations and the cues to dimensionality were so far above threshold that
there was no difference between the two conditions.

Figure 13 shows the effects of altitude on the perception of source

dimensionality. In the Constant Altitude Approach tests, FOV was systemati~
cally varied as a function of altitude in order %o maintain the same
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Figure 12, Percent Judged 3-D for Pilot Subjects: Performance on each
area as a Function of FOV/SR/Alt - Constant Altitude Test
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g e

. lateral coverage. Therefore, the FOV's shown in this figure vary from
13 to 2 degrees. As the figure shows, with the same lateral terrain
coverage, the percentage of trials judged to be 3-D decreased systemati- ’
cally with increasing altitude. The data points on this curve are the g
averaged values for all target areas at each altitude, and the range of
values obtained as a function of target area is shown by brackets. The
effect of FOV per se at one selected slant range/altitude combination
) (3,000/1,500 feet) is also shown on this same figure for the purpose of
comparison. The high percentage of 3-p judgments obtained at the wide
5 FOV (13 degrees) reflects the high values obtained on target areas 4, 6,
and 7. These areas included more 3-D cues when viewed with the 13 degree
FOV than when viewed with the 7 degree FOV. It was, therefore, concluded
that performance was not affected by the increased FOV unless additional

cues to dimensionality are made available by the increase in area
. coverage.
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2.2 FOV/SR/ALT. As shown in the previous section, FOV is not a signi-
ficant factor in this series of tests. Therefore, performance will be
considered in terms of SR/Alt conditions only.
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Above 5,000 feet subjects were unable to consistently identify dimen-
sionality of ssurce material even for conspicuous, well defined manmade
objects such as an airport, a harbor, or a bridge. Over flat natural
terrain (Areas #2 and #3), performance was poor (an average of 35 per-
cent) at 1,500/750 feet SR/Alt and dropped off from that point to a low
of approximately 7 percent at 10,000/5,000 feet SR/Alt.

2.3 EXPERIENCE. As in the Dive Approach tests, both experienced and naive
subjects were employed. Results of the analysis of variance showed that
the experience factor was significant at the 0.05 level. fThere was, in -
addition, an interaction between this variable and the FOV/SR/Alt variable
(see Table 3). This interaction is shown graphically in Figure 14.

T-tests performed at each level show that at ‘the 1,500/750 and 3,000/1,500
SR/Alt combinations, the performance of the pilot subjects was consistently
better than that of the inexperienced subjects. There was, however, no
difference in performance between the two groups at the 5,000/2,500 and

. 10,000/5,000 foot distances. At one representative SR/Alt combination
(3,000/1,500 feet) additional data was acquired at a FOV almost twice as
large (13 degrees) as that required to maintain constant lateral coverage
(7 degrees). As mentioned previously, the performance of the experienced
subjects was significantly better (p < .05) than that of the naive sub-
jects at the 7 degree FOV. At the larger FOV the differences between the
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Averaged Over All Areas for Constant Altitude Test
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two groups were even more marked (p < .01). Evidently, the experienced
pilots made more (or better) use of the additional information available
to them in the wider fields than did the naive subjects.

The results of this test show that the ability to perceive the di-
mensionality of the source material is closely related to piloting expe-
rience at the lower values of slant range/altitude. At SR/Alt values in
excess of 3,000/1,5C0 feet, however, the differences in performance
attributable to piloting experience are insignificant.

2.4 VELOCITY. Two simulated airspeeds were used on Areas #1 and #2 (Aixr-
port and Barbor). These velocities were 200 and 400 ft/s, scaled to the
250-to-l ratio used in this study.. As previously stated, these relatively
slow speeds were a compromise based on the need to (1) maximize the viewing
time available on each target run, and (2) minimize image smear on the TV
monitor. These velocities (i20 and 240 knots) allowed the subjects ample’

search time. An AOV was performed and the effect of velocity was determined
to be not significant, )

3. RELATED ANALYSES

The two series of tests outlined above were primarily concerned with
the ability of observers to detect the nature of the image storage device
used in the cervration of simulated target imagery. However, the Dive
Approach and Constant Altitude tests employed several common target areas
to facilitate direct comparison of data differing only in respect to viewing
conditions. Significant differences were obtained between the two viewing
modes which are discussed in detail in paragraph 3.1. 1In addition, an
attempt was made to relate the results of this study to the basic data
available in the psychophysical literature. Unfortunately, because of

numerous differences in experimental conditions, objectives, etc., direct com-
parisons were not meaningful in the.context of this analysis. Problems en-
countered in-this attempt are discussed in paragraph 3.2,

3.1 COMPARISONS BETWEEN THE DIVE APPROACH AND CONSTANT ALTITUDE TESTS. As
préviously stated, significant differences were observed between responses

to identical targets in the Dive Approach and Constant Altitude Approach
tests. Attempts to account for these differences in terms of measurable
aspects of the displayed imagery were only partially successful. For ex-
ample, it was expected that the observed behavioral differences would be
reflected in angular displacement of the target images as a function of alti-
tude. However, comparison of zngular image displacement values calculated
for targets common to both series of tests failed to confirm this (see
Appendix G, Figures 43 and 46).

Target image movement was also compared. This was accomplished by de-
termining the percentage of the total field which was obscured or displaced
as the target image moved across the display. At the lowest altitude the
total displacement in the Constant Altitude tests - 2 to 6 percent - was ap-

proximately twice that for the Dive Approach tests - 1 to 3 percent - (see
Appendix G).
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Finally, the relative rate of change of the displayed target/background
images was calculated for both viewing conditions. Direct comparisons are

very difficult to interpret since the data are based on essentially different
perceptual conditions.

Failure to account for the cbserved behavioral differences in quantita-
tive terms can be attributed to the confounding effects of two factors which
are inherent in the applied nature of the study. The first of these is con-
cerned with unavoidable differences in the dynamic relationships between
targets and backgrounds in the two series of tests. 1In the Dive Approach
tests the effects of motion parallax increase radially at a nonlinear rate
from the TV camera's aim point at the center of the display. On the other
hand, in the Constant Altitude Approach tests, the same effects appear par-
allel to the line of flight and at a nearly constant magnitude for any given
height. Thus, the observer is faced with two perceptual tasks which differ
in one very important aspect, i.e., the temporal characteristics of the mo-
tion parallax cues available to him. Although both sets of imagery were
acquired under very carefully controlled conditions to ensure that the prin-
cipal dyuamic cue to depth was restricted to motion parallax, there are
basic differences in the rates of change of this cue as a function of ap-
proach geometry.

From the observer's standpoint one of the principal differences between
the two approaches is in the amount of time available to detect and respond
to whatever cues are present. For example in the Constant Altitude Approach
tests the target progresses from top to bottom of the display. Since the
rate of change of angular displacemen; is essentially constant for a given
altitude, the entire time that the target is within the FOV can be devoted
to establishing the presence or absence of the cue. On the other hand, in
the pive Approach tests, although the target appears centered on the screen
throughout each trial, the motion parallax cues (if they are present at all)
can exceed the observer's threshold only for a very brief period at the end
of each run. This constraint on the observer's detection and response time
in the Dive Approach tests tends to exaggerate the problem of determining
the instantaneous altitude at which a response was made.

Another factor which tended to obscure the basis for the observed be-
havioral differences was the inability to determine what specific features
of a target an individual subject was attending to at any given time in the
run. 1In both series of tests a wide variety of motion parallax cues were

available depending primari Y on the particular aspect of the target area
which was fixated. -

In summary, it was found that the differences in response to identical
targets in the DA and CAA tests could not be satisfactorily explained in
terms of either angular image .displacement, per se, or the rate of change of
angular image displacement.

However, consideration of the approach geometries involved shows that
the two series of tests presented the observer with two essentially different
perceptual tasks - not in terms of the cues available but in terms of their
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temporal characteristics. When the implications of these temporal differ-
ences are taken into account the observed behavioral performance becomes
more understandable at least on a Semiquantitative level. For a given tar-
get and altitude combination the Constant Altitde Approach produced consi-
derably greater image movement than the Dive Approach. This additional
image movement combined with the additional time available to detect and
respond to whatever differential movement existed is probably responsible
for the superior performance in the CAA tests.

3.2. COMPAR;SONS WITH OTHER PSYCHOPHYSICAL DATA. Earlier work by many
scientists {Reference i) has shown that threshold values for the perception
of movement parallax can be obtained as low as 1 to 2 arc minutes per second.
The corresponding data from this study is well above this range (4.5 to 10
arc minutes per second), but in view of the problems inherent in applying
basic laboratory findings to real world problems, the observed differences
are not unreasonable. There are, of course, many sources of variability in
the applied data which can be precisely controlled in the laboratory. In .
this case, one of the most important sources of uncertainty is in deter-
mining whether or not any individual subject was attending to the critical
portions of the displayed imagery at the proper time, i.e., the time (mea-
sured in fractions of a second) at which the most prominent motion~dependent
cues to dimensionality.were available to him. Another factor which tends

to degrade the obtained threshold values relative to these reported in the
basic literature is the limitation imposed by the TV system. In effect,

the TV system constitutes a spatial filter which limits the image detail
available to the subject.

3.3 NOTES ON PERSPECTIVE CHANGE. Perspective change (principally fore-
shortening of vertical height) is another motion-dependent cue to dimen-
sionality. It apparently plays a relativaly minor role in the perception
of apparent depth, however. 1In debriefings following both the DA and CAA
tests, the subjects consistently indicated that they did not find that
perspective change provided a major clue to dimensionality. Calculations
presented in Appendix G support these observations. Here, it is shown
that for a given target viewing geometry, target/background movenent
parallax displacements were approximately four times as great as the
corresponding perspective shiﬁt values.
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SECTION IV . !
CONCLUSIONS

For the Dive Approach (DA) tests the dimensionality of the original
"source material could not be reliakly determined from a TV displayed image

even at the minimum combination of scaled slant range/altitude (i.e., 1,500/
750 feet). - .

With the same target/background conditions, the same altitudes, and a
TV sensor depression angle equal to the dive angle used above, the Constant
Altitude Approach (CAA) provides motion parallax cues approximately twice
as large as the maximum achievable in the Dive Approach (DA) test. However,
even in the CAA tests, subjects were unable to correctly identify dimension- |
ality of the image source in more than 45 percent of the trials until alti-~ :
tude was reduced to 750 feet, the minimum used in this study (Figure 14),

Motion parallax (relative target image-to-background displacement) was :
the most important cue to dimensionality. Although some target perspective ‘
change (vertical forshortening) undoubtedly occurred in the runs, the effect {
was minor and was masked by the much larger effect of movement parallax. ) s

In both the DA and the CAA tests, several variables considered poten- +
tially important in the perception of image zource dimensionality via TV
were shown to have no significant effect. These include:

a. Display viewing distance - Viewing distance was not an important ‘ ;
parameter, apparently because the TV display system was performance-limited
under the conditions of this experiment.

b. Displayed target/background contrast - A wide range of inherent '
contrasts was included (estimated 15 to 70 percent, and much higher with {
shadow conditions).

€. Video signal-to-noise ratio (SNR) - SNR levels ranged from an
estimated 35 dB to 20 4B.

d. shadow effects - No apparent enhancement resulted from the use of
shadows.

The effect of approach velocity was anomalous and requires some
explanation based on the specific conditions of the tests. The effect
of the difference in velocities used in the CaA tests - 200 to 400 feet/
second - was clearly not significant. On the other hand, the effect
attributeéd to the approach velocities used in the DA tests -~ 650 and
1,100 feet/second - was significant at the .05 level. 1In spite of this,
it was concluded that approach velocity itself did not affect the dis-
criminability of dimensionality. The basis for this conclusion lies
in the special nature of the DA tests. ‘In these tests two performance
measures were unavoidably confounded; i.e., the verbal response which
specified source dimensionality; and the slant range at the instant this
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response was made. An essentially constant difference in response range
was obtained with the two velocities for all targets. The most likely
explanation for this observed effect is based on simple reaction and/or
decision time. Thus, it is assumed that target dimensionality was per-
ceived at the same glant range for both velocities. However, since the
subject's response time is essentially constant, the higher approach
velocity results in a shorter slant range at the instant of recording.
In this case, therefore, the observed differences, while they are statis-
tically significant, are considered to be an artifact attributable to

the interaction of velocity and human information processing requirements
rather than velocity per se.

Although the flight geometries are defined in terms of slant range/
altitude combinations, the factor primarily responsible for the amount of
movement parallax displayed on the monitor is the altitude of the sensor.
This is true for both the Dive Approach and the Constant Altitude Approach
tests. That is, motion parallax varies inversely with altitude, and for a
given altitude, is not greatly affected by slant range.

Only in the case of pronounced target or terrain heights, as in the
mountainous region on the GDC terrain model, is the subject capable of
perceiving dimensionality at a reasonably high altitude, i.e., 85 percent
correct judgments at 3,000/1,500 feet. However, even in these extreme areas,

accuracy falls below the 50 percent correct level when the altitude is in-
creased to 2,500 feet.

The sensor FOV has only a minor influence on movement parallax cues
derivable from a given target/background complex. Although the total scene
viewed by the sensor will increase with increasing FOV, the image is
compressed within the fixed limits of the TV monitor, resulting in the same
percent target image shift. That is, the image size decreases as the FOV
increases, essentially negating the effect of increased viewing angle. fThis,
of course, would not be true in a direéct viewing case. An exception to the
above occurs when there is a major change in the nature of the total scene
with changing FOV. If a wider FOV encompasses target areas having more
prominent cues (e.g., taller building or greater terrain elevations), then
the new target area can considerably alter the ability of the subjects to
perceive the dimensionality of the image source.

If movement parallax is described in terms of displayed image angular
shifts, the resulting values can be misleading since the display near-
viewing distance (20 inches) was somewhat arbitrary. That is, it was selected
primarily to achieve adequate eye accommodation. In the course of the CAA
tests, it was observed that the ability to perceive displayed image shifts
was not significantly affected by viewing distance (at least up to approx-
imately 60 inches, a factor of 3). This indicates that a TV display~
limited condition existed in these tests; that is, visual acuity was not a
primary factor in the perception of dimensionality. The essential point is
that the computed angles are useful primarily as a relative performance
measure (e.g., comparing the CAA and the DA results). A more generalized
performance measure is the percent image shift relative to the total viewed
field (from which the displayed angle values are computed - see Appendix G).
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SECTiON V

RECOMMENDATIONS

For training problems which require simulation of TV navigation and/or
- targeting imagery, serious consideration should be given to the uge of

relatively inexpensive 2-dimensional image storage devices for missions at -
altitudes in excess of 750 feet.
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APPENDIX A
STATISTICAL ANALYSIS ) -

The analysis of variance (AOV) was the principal statistical technique
used in this study. To furtier analyze data points shown to be signifi-
cant by the AOV, the t test and the Scheffé test were employed. For
readers unfamiliar with these techniques, a brief description of each is
outlined in paragraphs 3 through 5.

1. DIVE APPROACH TEST

This group was analyzed as a 2x2x2x4 complete factorial with two modes
of dimensionality, two velocities, two levels of ‘experience, and four tar-
get areas*. sSeven subjects were used in each cell. A smaller complete
factorial AOV was performed on those levels of data containing the ghadow
and nonshadow conditions. This test was a 2x2x2 containing two levels
each of dimensionality, illumination conditions (shadow and ronshadow) and
target areas (POL and Airport). These were conducted using seven subjects
at the 650 feet per second velocity.

2. CONSTANT ALTITUDE TEST

This group was analyzed as a 2x5x7 complete factorial with two levels
of subject experience, five FOV/SR/Alt combinations, and seven target
areas. For the primary analysis, four subjects per cell were employed.
For the experienced group, seven pilots were actually used. Aall data from
these seven were subsequently used in a complete factorial containing one
level of experience which was then a 5x7 factorial with five FOV/SR/Alt
combinations, and seven target areas. Both of these tests were conducted
at the 200 foot per second velocity. A subtest was used to determine the
effects of velocity. This was a 2x2x2 with four subjects per cell, and
two levels each of velocities, experience, and target area.

3. ANALYSIS OF VARIANCE

This technique is used to make simultaneous comparisons of the means
of the several treatments and combinations of these treatments employed in
these experiments, to determine whether some statisticsil relationships
exist between the independent (experimental) and dependent (obtained visual
angle) variables. The AOV tests for significance at some confidence level,
the variance introduced by each of a number of variables against the
variance of the entire experimental data set.

To determine these relationships, the total variance must first be
determined. This is done by computing the variance (from the scores of
the dependent variable) of all the subjects on all trials, and ignoring

* As noted in Section III, a 2x2x5 complete factorial analysis also was
performed using the five target areas at a single velocity.
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the fact that these scores were obtained under several experimental condi-
tions. This total variance may then be partitioned into parts for analysis
(viz., analysis of variance). The two major divisions become the variance
"between groups" and that "within groups.” The between groups variance
may be thought of approximately as the extent to which the means of the
groups differ. The between groups variance may itself be partitioned into
smaller groups which represent the individual variance of the main experi-
mental effects and the interactions of those effects with each other.

The within groups variance, commonly referred to as the error term, is
determined by the extent to which the subjects (and their answers) in each
group differ. If the subject responses in ¢ group differ widely, then that
within groups variance will be large. If the within groups variance for
most of the treatment groups is large, the total error variance will be
large. .

To determine the statistical rélationships between these groups, the
individual between group variances are compared to the error variance
(within groups) term. The larger the between groups variance and the
smaller the within groups variance, the more likely it is that the groups
will differ significantly. Figures 15 and 16 illustrate the concepts of
between and within group variance about population means. In Figure 15,
the within groups variance is large and between group variance is small,

A I ¥
Indication of variance within gpl
i l_

Indication of variance within Gp2

Indication of Between-
Groups variance

)

Group 1

Number of Subjects or Scores

»

Dependent variable Scors

Figure 15. Indication of Large Within- and Small Between-Groupé Variance
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‘} | _Variance within J Variance within
" Gr 1 . ’I GP 2
¢ Indication of htwmw Variance o
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Nusber of Subjects or Scores

»

Dependent variable Score

Figure 16. Indication of Small Within~- and Large Between~Groups Variance

both of which help to make statistical inferences about the means unclear.
In Figure 16, however, the within variance is small and the between vari-

ance large allowing a more precise prediction of the statistical relation-
ships. :

For practical analysis, there is no need to deal in variances but
rather in the actual dependent parameter Scores which have been transformed
into certain sums of squares (SS). To follow through with the simplified
explanation of the A0V, the total SS is first obtained and then its parts
analyzed.

2
(le + sz + + Zxr)
N

where r indicates that we continue to add the values indicated (the sum of
X squares, and the sum of X, respectively), for as many groups as there are
in the experiment. N is the total number of measurements and X is the per-~
cent judged 3-D value. The SS is then analyzed into components: the
between SS and the within ss. '

Total SS = (IXZ + IX% 4+ eoo 4 x3%) -
1 2 X

— (x)? (2x,)? (zx_)2 (EX) + IX, + eoe 4 3x)2 -
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where n equals the number of measurements within each group.
Then : .
Within SS = Total SS - Between SS.

If there are more than two groups, as there are in this case, the
between SS is then computed separately for each group by obtaining the IX
and IX2 separately for each group. The subscripts above then indicate,
e.g., X3, the sum of the dependent variable scores for group 1.

To obtain the variances of each effect now to be compared, the parti-
cular SS is divided by its degree of freedom (df). This term is then
known as the mean square (MS) term.

The concept of degrees of freedom is seen by realizing that the sum ;
of deviations or variances about a mean must be zero. Then if N equals a :
certain number of those deviations, and possible values can be guessed,

. the last guess or value of N is completely determined by the N - 1 earlier

choices. Therefore, the degrees of freedom for a sample variance equals
N -1. 1In the AOV, each and every degree of freedom associated with the
treatment effects corresponds to some possible comparison of those means.

‘The MS terms (of the partitioned between MS) are now individually
compared to the error MS. To determine if the difference between the two
are statistically significant, the F statistic is used:

MS between-groups

F= MS within-groups (error term)

The obtained values for these ratios are then looked up in appropriate
tables for the levels of significance.

The AOV tables previously discﬁssed for each test in the results
section are a summarization of the steps outlined above.

When a variable is determined to be significant, e.g., the contrast
effect, it may then be necessary to make further statistical inquiries at
specific data points. This procedure is then termed a comparison or
multiple comparison of data points and for this study was performed using
either t test (for two point comparisons) or the Scheffé for more than
two points. These are briefly explained below.

4, THE t TEST

This test is almost identical to the AQV for a two-group comparison.
The t test compares the deviations between two means and again by using
a table enables the experimenter to determine whether a statistically
significant relationship exists. ’

ECRRA U
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5.  SCHEFFE TEST

The Scheffe test is a procedure for testing comparisons between
several means. It is a post hoc comparison used after a significant F has
been found for the relevant factor. The comparison can be decided upon
prior to the test or after test results are analyzed. It is suitable for

groups of unequal size and is suitable for any comparison. The multiplier
is obtained from the F table and is equal to: ’

(v=1)Fa (v-1, £df) = S, where v = number of means in the exp'eriment,
alpha = significance level, and f = degrees of freedom associated with the
error variance. Additional discussion may be found in References 2 and 3.
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APPENDIX B

GENERATION OF TWO-DIMENSIONAL DIVE APPROACH RUNS BY USING AN
OPTICAL ZOOM TECHNIQUE

1. BACKGROUND

The most straightforward method of generating 2-D video tape replicas
of the selected 3-D target convergence runs would be to produce photo~
graphs of these areas at the correct scale factors and then physically move
the TV camera toward the photographs at the proper scaled velocities.

This approach was considered initially, but careful evaluation of the
techniques required to produce accurate pPhotographic target replicas at the
desired scale factors revealed the followinyg potential problem areas:

a, Photographs (if used) would have to have the same scale factor
as the 3-D target model to permit the use of the same approach geometry
and techniques as in the 3-D runs. This would require photographic
prints approximately 4 feet wide at the maximum range.

Continvous target convergence over the 40-to-6 foot range extremes
(a 6.7 to 1 ratio} would require that the resolution of the photographs be
high enough that the subject could not detect photographic grain or general
edge fuzziness at the closest approach. This level of image quality would
present a difficult problem within the scope of this program.

It was therefore concluded that a single photograph would not satisfy
the requirements. The alternative of providing two or more photographs
at successive stages along the Dive Approach was considered. This would
have alleviated the resolution problem by decreasing the required range
ratio (and thus object magnification ratio) for a single photograph. This
would, however, make it necessary to interrupt a given Dive Approach run;
that is, break it into shorter segments. It would, in turn, be necessary
to make equivalent interruptions of the 3-D rvas to minimize differences
between these two viewing modes. This approach was not considered desirable.

b. The relatively large width of the photographs would require use
of a photomosaic technique to produce the desired size.

€. The 3-D terrain model has areas of high target/background contrast,
particularly when shadows are employed. In this case, the TV system
dynamic range would limit the contrast of displayed imagery. If photo-
graphs of the model were used, the dynamic range and grey scale character-
istics of the photographs themselves would have to be carefully controlled
to produce displayed images commensurate with their 3-D counterparts in
terms of brightness relationships. '

4a. Special techniques would be necessary to minimize surface
reflectances which could reveal that the source was photographic., A non-
glossy, matte type finish would be a necessity, and special provisions

would be required to keep the photographic surface quite flat, again to mini-
mize surface reflectances.
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2. OPTICAL 200M SIMULATED 2-D DIVE APPROACH ;

The problems outlined above stimulated the search for a better tech-
nique to generate the 2-D convergence runs. The prime considerations were
that:

a. No cues specific to a 3-D source (movement parallax and/or

perspective changes in projected vertical dimension of target) would be
present.

b. Each run would exhibit, within the perceptual tolerance of the
subjects, the same dynamic image growth and image fidelity (resolution,
grey scale, dynamic range, video SNR) as its 3-D based counterparts.

c. No artifacts sufficiently obvious to identify the source as 2-D
would be present.

The technique which was selected employs an optical zoom lens coupled

to a TV camera to simulate 2-D dynamic target convergence. This technique
is described in the following section.

s G s =

2.1 GENERAL DESCRIPTION OF 2-D ZOOM TECHNIQUE. The zoom technique for
simulating 2-D target approaches can be exp.ained by reference to Figure 17.
"The upper portion of this illustraticn shows the normal 3-D Dive Approach o
geometry in plan view. Here, the TV camera with a fixed field of view (FOV) 4
approaches targets identified as elements A and B. These targets are i
separated in the longitudinal direction and offset from the approach path. '
From the start to the end of the run, the TV camera coverage decreases :
from width W to Wg, and the line of sight (LOS) to elements A and B under- ’
goes a shift (element A LOS shifts from the light portion uf element B to
the shaded portion). This angular shift is termed movement .parallax, and

it is the primary cue (perspective shift being secondary) which permits a
subject viewing a TV display of this imagery to perceive the source material
as 3-D. The lower diagram of this figure shows the TV camera FOV as it is
zoomed over the focal length range vhich provides the same change in viewed
widths, Wi tc We. In this case, the image is magnified and the general
effect is similar to physical closure on the targets. The significant
difference between the two conditions, however, is that the TIV'LOS to tar-
get element A relative to clement B remains fixed throughout the simulated
convergence run. Therefore, no movement parallax or perspective change
occur. To produce equivalent dynamic closure effects (same apparent image
growth rates) it is necessary to control the zoom focal length as a

function of run time. - This was accomplished by analog computer control as
described in Appendix E.

s -

2.2 EFFECTS PECULIAR TO ZOOM TECHNIQUE. It was known at the outset.of

this program that the zoom approach vas not without problems, Therefore,
preliminary tests were carried out to determine whether the undesired

dimensionality clues' associated with zoonm convergence were perceptible f
under the conditions employed in the behavioral tests. The major effects

which were evaluated are summarized below:
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a. When zoom magnification is employed, the image expands from the
center of the FOV (the optical axis) at equal radial velocities. This is,
of course, not true in the 3-D runs. Since the Dive Approach angle was
30 degrees, the near-field image expands faster than the far-field in the
3-D runs. Therefore, a preliminary test was necessary to determine whether
this difference between 2-D and 3-D radial growth rates was apparent to
the subjects; it was not.

b. The longitudinal areas seen by the fixed 3-D and the zoom 2-D
FOV's were not precisely matched. Figure 3 in Section II, pagagraph 2.1.1.4
depicts this mismatch at the beginning of the 3-D dive approach. Calcu-
lations showed that the maximum near-field difference was 10 percent
(dimension viewed by fixed FOV was greater than zoom FOV) and the maximum
far-field difference was 16 percent- (dimension viewed by fixed FOV less
than zoom FOV).

It was expected that this mismatch in longitudinal area might provide
an undesired clue to the dimensionality of the stored (video taped) imagery.
However, preliminary studies showed that the area mismatch did not provide
noticeable cues to image dimensionality.

C. Another study was concerned with the effect of differences in
target perspective. As previously noted, some change in perspective is
experienced when physically moving toward a target (3-D), while in the
zoom approach (2-D), the perspective is fixed. Preliminary studies
showed, however, that the perspective change in the 3-D approach was below.
threshold.

d. Finally, the minimum zoom rate (minimum simulated closing
velocity) at which the lens could be operated was determined. This minimum
rate was a function of the stiction effects associated with driving the
zoom lens elements which control focal length.

At low zoom }ates, a discontinuous image expansion was observed. A
preliminary study was run to demonstrate that at the simulated velocities
used in these studies, this effect was not perceptible.
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APPENDIX.C

TEST FACILITIES AND EQUIPMENT

The 2-D and 3-D target stimulus material (video tapes) were produced
at the Martin Marietta Guidance Development Center. Behavioral tests
(excluding preliminary runs made in the GDC) were performed in a separate
room in the Engineering Research laboratory area. A summary of facility
and equipment items employed in those two phases of the experiment is pre-

sented in the following sections.
1. TARGET STIMULUS GENERATION

Items used to generate the video taped stimulus runs
Approach and Constant Altitude tests consisted of (1) the
simulation facility, (2) TV camera and display subsystem,
recording equipment, and (4) a precision spot photometer.

for the Dive
GDC optical

(3) video

These items are

discussed below.

1.1 GDC FACILITY. The elements of this facility which were utilized in
this experiment are shown in Figure 18.° They consist of the terrain model
(including the new 250 to 1 scale targets described in Appendix D), the
computer-controlled precision movement subsystem within which the TV camera
was mounted, and the computer laboratory.
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Figure 18. Martin Marietta's Guidance Development Center
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l.1.1 Terrain Model. A photograph of the overall terrain model is shown
in Figure 6 of Section II in the main body of the report. This photograph
shows the model in the outdoor test area which rermits use of natural
illumination. This particular view is from an elevated position corres-
ponding roughly to that at which the TV camera was located at the start of
a 3-D run.

The model is 40 feet on a side and it contains a wide range of topo-
graphical features together with a variety of manmade targets. The basic
scale factor is 600 to 1; however, by substituting the new 250 to 1 scale
targets at selected areas on the model, those areas were redesignated as
250 to 1 scale areas for purposes of these tests (see Appendix D for a
description of the selected target areas and a discussion of scale factor
change) .

The model is driven longitudinally on rails and its position and
velocity are accutately controlled by an analog computer, The drive system
is capable of providing a wide range of velocities up to a maximum of 10
feet per second. As implemented in the Dive Approach tests, model movement
provided one component of dive convergence (see Appendix E). At the 250 to
1 scale factor used, the maximum rate required was approximately 3.8 feet
per second.

1.1.2 TV Camera Precision Movement Subsystem. Three elements of the GDC
comprised the TV camera precision movement subsystem. The TV camera and
zoom lens were rigidly mounted in the inner (roll) gimbal of the three-
axis flight table as shown in Figure 19. The fixed 30 degree depression
angle was provided by the pitch gimbal. The roll and yaw gimbals were
maintained in their nominal zero positions since these particular degrees
of freedom were not required.

Horizontal positioning of the TV sensor was accomplished by the trans-
verse carriage assembly which was aligned on a selected target area prior
to each run. ,

A vertically moving I-beam provided the necessary freedom in the TV
camera's vertical translation. Accurate positioning of the I-beam in
height, together with longitudinal positioning of the terrain model, pro-
duced correct initial slant ranges to the targets in the Dive Approach
tests. Then, under computer control, this assembly moved down to provide
the vertical component of the dive convergence. The longitudinal component
was provided by the movement of the model.

1.1.3 Analog Computer Laboratory. The analog computational equipment used
in this study consists of a EAI 231 R-V console. This was programmed to
provide precision control of the simulated flight paths .for both the Dive
Approach and Constant Altitude runs. The zoom lens focus and focal length
servo drives were also operated under computer control in the 3-D Dive
Approach runs to provide correct simulated convergence rates and continuous
. optimum optical focus.

tn
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Figure 19. TV Camera Mounted in GDC Gimbal Assembly

1.2 TV CAMERA AND DISPLAY SUBSYSTEM. The TV equipment used in these
tests was a composite of two Martin Marietta TV systems; (1) the standard
GDC l-inch vidicon camera and camera controll, and (2) the gamma control
unit and high quality 8-inch TV display2, which are elements of the
Variable Parameter Research TV systeri. These latter items were needed to

1l Cohu Model 2004 camera and Model 3952 camera control.

2  Conrac Model C2B-8. This display incorporates a "keyed clamp" type
dc restorer to maintain accurate black level control indepéndent of
changing scene content.
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achieve and maintain a nominal unity gamma characteristic (system bright-
ness transfer function) and thus provide an approximately one-to-one trans-
fer of scene contrasts to displayed image contrast (within the dynamic
range capability of the display - approximately 20 to 1*),

A remotely controlled Angenieux 10 to 1 zoom lens, incorporating
Martin Marietta designed servo drive refinements, was used with the above |
TV camera. The range of camera FOV's employed in this program required ’ |
use of a standard 2X extender lens which provided a maximum zoom focal

length range from 30 to 300 mm (with a useful range slightly less - to :
avoid hitting the limits at each end). ‘

Table 4 provides a summary of the composite TV system operating {
characteristics (including the zoom lens, gamma control, and display per-
formance). It should be noted, however, that the image degradation
resulting from the sequential video recording/duplicating process used in
producing the final stimulus tapes is not included in this table. Appen-"

dix F includes data on the characteristics of the tapes used in the -
behavioral tests.

TABLE 4. TV SYSTEM OPERATING CHARACTERISTICS SUMMARY

Characteristic Performance

Horizontal scan rate 525 lines per frame, 2 to 1 interlace

Vextical scan rate 30 frames/60 fields per second ;

Limiting horizontal 600 TV lines (nominal) using EIA

resolution (center) . type wedge pattern

Video signal-to-noise (SNR) >40 dB nominal peak video/RMS noise
{estimated)

System gamma Nominal value of unity

Grey scale response 9 shades of grey discernible using
JZ type grey scale test pattern
input

* By this means, the effects of target/background contrast on subjects'
dimensionality perception could be more accurately assessed.
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1.3 VIDEO RECORDING EQUIPMENT. The video recording, tditing, and dubbing
techniques employed to produce behavioral test stimuli for the Dive Approach
and the Constant Altitude runs are described in Appendix F. This section
identifies the equipment used and summarizes the pertinent operating
characteristics.

All runs on the GDC terrain model were recorded on a SONY helical scan
type video tape recorder (VTR), Model PV-120U. The unit uses a 2 inch wide
magnetic tape. This ensures high resolution reproduction together with a
high video SNR. 1Its rated charactaristics of special interest are:

° SNR
(1) video 42 dB
{2) Audio 40 dB (two audio channels available)
° Video response 3 dB down at 3.3 MHz
° Horizontal resolution Nominal 330 TV lines (using EIA standard
(limiting) chart signal input)

An irregular sequence of runs was used on the tapes employed in the
behavioral tests for both the Dive Approach and Constant Altitude phases.
Reordering of the basic VIR runs and rerecording (duplicating) them to
form a master tape for each of the above tests required a second video
recorder having an electronic edit capability. The electronic edit feature
permits insertion of selected portions of external composive video signals
(in this case the basic runs recorded on the PV-120U VTR) onto a second
tape in any desired sequence, and ensures that the dubbed video sequences
are recorded with the proper time relationships to avoid interruption of
the vertical sync pulses. In this manner, smooth transitions are made
from one run to the next without picture roll-over at the monitor.

A SONY 1 inch helical scan VIR, Model EV-320 was used for the above
purpose. A summary of its rated performance characteristics is given
below:

¢ SNR
(1) video 43 dB
(2) audio 40 dB (two audio channels available)
° Horizontal resolution Nominal 300 TV lines (using EIA
(limiting) standard chart sicmal input)

1.4 SPOT PHOTOMETER. A Spectra Pritchard spot photometer was used to
measure target and background brightness values. Appendix D includes com-
puted contrast data derived from these photunetric measurements.

44
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2. SUBJECTIVE TEST FACILITIES AND EQUIPMENT

A separate room in the Engineering Research Laboratory was used for
the behavioral tests.: This room was equipped with controllable lighting
to provide proper and consistent TV viewing conditions.

- Equipment used in this portion of the experiment consisted of the 8
inch (diagonal) Conrac display, the PV-120U SONY video recorder, and an

Ampex audio recorder. The video recorder was used to play back a repro-
duction of the master video tape. Tha Ampex was used to record pertinent

audio information derived from both the video tapes and the subjects'
verbal responses.

45
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APPENDIX D
TARGET PREPARATION AND TARGET CHARACTERISTICS
1. GENERAL DISCUSSION

The areas selected for study provide a wide range of typical military
targets and natural terrain features. Knowledge of the target character-
istics and the approach geometries employed permitted responses to be
quantified by calculating corresponding target/background relative dis-
placements and angular velocities. '

Precise control of target/background contrast was not attempted;
however, target paints (shades of grey) were selected to produce a fairly
wide range of basic contrasts as subsequently discussed. Under shadowed
conditions, substantial increases in contrast were observed. Responses
were obtained under both shadow (direct sunlight) and no-shadow -(diffuse
outdoor lighting) conditions to evaluate the effect of information derived
from shadows on the perception of dimensionality. A Spectra Pritchard spot
photometer was used to measure the absolute brightness levels of the
various key target and background areas, from which brightness contrast*
values were calculated. These key features and their associated contrasts
are included in the general descriptions of each target area included belcw.

The ground tracks of four of the Constant Altitude runs were made to
pass over targets used in the Dive Approach tests to provide a basis for
comparing responses Letween the two approach geometries.

2. SCALE- FACTOR

To provide the desired minimum slant range/ altitude values
(1,500/750 feet), it was necessary to alter the GDC terrain model scale
factor from 600:1 to 250:1. This was dictated by requirements for main-
taining physical clearance and adequate depth of field. The scale factor
was chanjed by making new targets at the 250:1 scale and locating them in
areas on the model where they were compatible with existing manmade and
natural features within the TV field of view.** For example, an unused
portion of the airport runway complex was selected and the specially

* Brightness contrast as used in this study is defined as:

B - B
c(s) = ——2L x 100, where B,

B Highlight brightness and
H

By

Lowlight brightness

**At maximum range in the Dive Approach runs, viewed longitudinal distance,
Dy, on the model equalled approximately 6 feet and lateral distance, D,
was approximately 4 feet. For the Constant Altitude runs, values of Dp
and D¢ were approximately 50 percent of the above values and were
essentially constant.
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constructed hangars, buildings and. aircraft were placed on the model. At
the larger slant ranges, some of the 600:1 buildings were visible. The-
more prominent of these were covered by placing 250:1 scale building shells
over them. For the Constant Altitude test runs, where the flight path
covered additional 600:1 structures, a preliminary test indicated that the
larger 250:1 models were by far the most distinguishable targets. The
tendency of the subjects was to focus on these larger 250:1 models in
attempting to determine dimensionality.

Where the Constant Altitude flights covered natural terrain with few
manmade objects, no attempt was made to alter the models. Rather, by
definition, they assumed a 250:1 scale, thereby making them smaller in
simulated size by the factor of 250/600.

3. DIVE APPROACH TARGET AREAS

The following paragraphs describe the targets used for the Dive
Approach tests. The descriptions include data on target/background con-
trast, target dimensions and separations, nominal TV camera aim points,
and other pertinent details. A total of six areas were used in this series
of tests, including an unaltered area of the GDC model which contains
relatively tall structures providing good motion parallax cues (in the 3-D
operating mode). The subjects used this area for familiarization and for
practice runs.

3.1 AIRPORT. Figure 20 depicts the airport area. The aim point for this
test was slightly below the F-4 aircraft facing to the left, as shown by

the small dot. The tallest eléments of the targets remaining in the tele-
vision FOV during the terminal phase of the run offered the most prominent
clues to dimensionality. These included the quonset-type hangar doorway

and the roof of the operations building. Basic target-to-background contrasts
in these areas were in the neighborhood of 25 percent*.

Representative sizes and spacings of objects within thes central tar-
get area (expressed in simulated feet) were as follows: the roof of the
operations building was 40 feet tall, with the tower making.the total
height 73 feet. 1Its width was 90 feet and longitudinal separation from the
nearest hangar was 90 feet. The two large hangars were each 57 feet high
by 165 feet long with doorway heights of 25 feet. The runways, instead of
being scaled to 600:1 ass'med a 250:1 scale. -They were approximately
80 feet wide, which was commensurate with the sizes of the fighter aircraft
on and near the. runways.

3.2 TRUSS BRIDGE. Figure 21 depicts the truss bridge target which was
constructed to overlay an existing, smaller bridge spanning the riverbed.
Aim point on this test run, as denoted by the dot, was near the second-
from-right bridge piling: Contrast vaiues ranged from 30 percent between

* Shadowed conditions substantially increased these concrast values up to
levels ranging from approximately 50 to 90 percent.
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Figure 20.

Figure 21.

Airport Target Area

Truss Bridge Target Area
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the surfaces of the truss structure and the riverbed background, to 70
percent between the riverbed and the bottom vertical side surface of the
bridge.

The bridge roadbed was 165 feet long by 20 feet wide, and truss
. element structures were each 20.feet by 20 feet. The maximum height of
the bridge structure above the riverbed. was 40 feet.

3.3 INDUSTRIAL AREA. Figure 22 shows the complex of buildings and other
structures which comprised the Industrial Area. The aim point was near
the upper right hand corner of the five-sided building, as shown by the
dot. The largest centrally located buiddings in this target area were

25 feet tall and about 100 feet wide. Separation between these buildings
ranged from 5 feet to 25 feet. Nominal contrast between the tallest
building and its background reached a value of 60 percent.

3.4 POL STORAGE FACILITY. The aim point for this target area, shown in
Figure 23, was near the bottom of the right spherical tank. Contrasts
between the upper surfaces of the tanks and their respective backgrounds
ranged from 65 to 75 percent. *

The scaled sizes of the cylindrical tanks were 25 feet high and 60 p~
feet in diameter. The longitudinal separation of these tanks was 40 feet.
The spherical tanks were 45 feet in diameter and 50 feet tall.

3.5 MOUNTAIN STORAGE FACILITY. This target, along with the Industrial
Area, offered the fewest clues to dimensionality of the five selected tar-
gets.* Contrasts ranged from 20 percent for the roof of the larger
building relative to its background to 75 percent for the top of the oil
tank relative to its background.

Aim point for this target area was slightly to the right of the oil
storage tank, as shown in Figure 24. The Simulated size of the oil tank
was 25 feet high and 40 feet in diameter. The larger building measured
35 feet in height and 45 feet in length. The total complex was small and
uncomplicated in nature and also had relatively large separations between
the structures.

3.6 TEST AREA. This area, which included unaltered models of a bridge and
tall central city type structures, contained the greatest amount of verti-
cality and was used for 2-D and 3-D trial runs for this reason. The aim
point was at the lower right hand corner of the large building facing the
water, as shown in Figure 25. Contrast measurements for this area were
high for those certain elements offering prominent cues to dimensionality.
For example, the bridge tower and roadway background had a contrast of

90 percent. Contrasts between the streets and building sides was in the
neighborhood of 60 percent.

P

* The smaller heights of target elements within the FOV during the critical °

terminal flight phase is considered the principal reason for fewer
dimensionality clues in these two target areas.
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Figure 22. 1Industrial Complex Target Area

Figure 23. POL Storage Facility Target Area
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Figure 25. Test Target Area
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The bridge towers, which provided the most obvious movement parallax
cue, had heights of 80 feet relative to the roadway, and the distance
between the two towers was 245 feet. The large building facing the water
was 90 feet tall and 52 feet in depth. Some relative movement could be
perceived between the upper right side of this building and the adjacent
street background. ‘

4. CONSTANT ALTITUDE AREAS

A total of eight target runs, including the practice run, were used in
the Constant Altitude tests (see Figure 6). The imagery for each of the
Constant Altitude approaches covered a long, narrow strip of terrain in
which the target of interest appeared. Four of the runs used for data
collection included targets which were also used in the Dive Approach tests.
Brief descriptions are given below for each Constant Altitude run. Where
the run includes a previously described Dive Approach target area, it is
identified by this target area name.

4.1 AIRPORT - RUN NO. 1. This flight path passed directly over the airport.
The. flight duration was 14 and 7 seconds for the 200 ft/s and 400 ft/s
velocities, respectively. Objects that offered the more prominent
dimensionality clues were the top of the lower roof of the operations

shack relative to the ground. The height of the building was 40 feet.

4.2 HARBOR - RUN NO. 2. This area was a continuation of the airport flight
path consisting of the area directly south of the airport, as shown in
Figure 6. The area was characterized by few manmade structures. There was
a cluster of small buildings north of the harbor, but these were not signi-
ficant in terms of dimensional cues. A highway bridge in this area appeared
to be one of the prominent clues as did the bow of the tanker situated at
the left of the harbor. The simulated height of the bow was 20 feet above
the water line. The height of the bridge was a simulated 16 feet above the
railroad track. The length of this run was also 14 seconds for the 200 and
and 7 seconds for the 400 ft/s velocities, respectively.

4.3 GENERAL TERRAIN - RUN NO. 3. This flight path was selected because it
was relatively devoid of manmade structures and consisted of flat undis-
tinguished terrain with a minimum of elevation gradients. The most promi-
nent feature was a stand of trees located on the north (near) side of the
shore of the reservoir. The maximum height of the trees above the surface
of the reservoir was approximately 35 feet. Duration of flight over the
general terrain area was 20 seconds at the 200 ft/s velocity.

4.4 TRUSS BRIDGE - RUN NO. 4. The truss bridge was the most prominent
feature along this totzl flight path. The maximum height of this structure
was a simulated 40 feet from the top bridge railing to the suxface of the
river. Duration of flight over this path was 11 seconds at the 200 ft/s
rate.
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4.5_ MOUNTAIN TOP - RUN NO. S. This area was selected because it contained
a high elevation with a steep gradient. The maximum height of the mountain
top above the plateau was more than 330 feet. There were no prominent man-

made structures in this imagery, which was 15 seconds in duration at 200 ft/s
velocity.

4.6 POL STORAGE FACILITY - RUN NO. 6. This flight path was a continuation
of the flight path used in the Mountain Top target run directly to the
north. It began past the river as shown in Figure 6, and the POL target
complex offered the primary dimensionality clues. The top rear edge of the
nearer cylindrical tank (which was 25 feet high and spaced 40 fset from the
rear tank) could be observed to shift with respect to the forward vertical
side of the rear tank providing the most prominent motion parallax cue.

The duration of this run was 11 seconds at 200 ft/s velocity.

bl " 2 4

4.7 MOUNTAIN STORAGE FACILITY - RUN NO. 7. This flight included the same
three structures described in the Dive Approach paragraph 3.5 (Figure 24).
The most prominent cue in this area was the shift in position of the peak
of the rearmost shed with respect to the terrain directly behind it. This
shed was approximately 30 feet in height. Duration of this run was 12
seconds at the 200 ft/s velocity. ’ :

4.8 PRACTICE AREA - RUN NO. 8. This run included the same practice area
that was used in the Dive Approach test. Other manmade structures were
exposed to the subject quring the flight, including a freeway interchange
system, but subjective comments revealed that these additional cues were
not utilized. Total duration of flight was 16 seconds at the 200 ft/s
velocity. The bridge towers again provided the most obvious movement
parallax cue. The top of the bridge towers were 80 feet above the roadway :
and the distance between towers was 245 feet. Significant movements could

be observed between buildings as they appeared to cover or uncover each

other. The large building facing the water was 90 feet tall and 52 feet

long. The building directly behind it was 122 feet tall and 115 feet long.
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APPENDIX E
APPROACH GEOMETRIES

This appendix describes the approach geometries used in both the Dive
Approach and Constant Altitude Approach runs. Technical factors which
influenced the selection of these conditions are also discussed.

1. DIVE APPROACH RUNS

Since this study was intended to yield applied data for use in the
design of training equipment, representative real world conditions in texms
of ground imagery, sensor viewing geometry, and flight dynamics were
employed. The Dive Approach series of tests were therefore designed to pro-
duce target imagery characteristic of data transmitted from a TV guided
missile during the terminal phase of its flight. The TV FOV was 4.5 by 6
degrees, which is typical of air-to-surface missiles. Two simulated
approach velocities were .used - 1,100 and 650 feet/second - in order to
evaluate the effects of terminal velocity on the perception of source
dimensionality. The critical factor involved is the rate of displayed
image growth and thus the time available to the observer to .detect and
respond to the presence or absence of the movement parallax cue.

Preliminary analysis showed that slant range at the termination of the
Dive Approach runs should not exceed 1,500 feet. This requirement was
achieved by redefining the terrain model's basic scale factor and modifying
certain critical target areas. This resulted in a minimum camera-to-terrain
surface-distance of 6 feet.

1.1 DIVE APPROACH GEOMETRY. A profile of the 3-D and 2-D dive approach
geometries is shown in Figure 26. The more important characteristics are
discussed in the following subsections. :

1.1.1 Determination of 3-p Dive Approach Characteristics. The above section
described rationales for the initial coenditions shown in Figure 26, including
the TV camera fixed FoOV, “Fv and *py (4.5 by 6 degrees), the minimum slant
range, Rpin, and approach velocities V1 and V3 (1,100 and 600 feet/second).
Determination of dive angle, 6, involved several factors. First, a rela-
tively low dive angle was necessary to provide realistic approach imagery.
Second, limitations imposed by the depth of fiela had to be considered;

that is, the lower the dive angle, the greater the depth of field required

to maintain acceptable optical focus. Third, the dive angle had to provide
an approach which would maintain sufficient vertical clearance between the

On the basis of the above considerations, an angle of 30 degrees was
selected. Figure 27 shows a Plot of lateral and longitudinal distance
(i.e., viewed object plane dimensions) as a function of slant range for the
selected fixed FOV. Dive angle is used as a parameter in this figqure.
Lateral values remain constant (independent of dive angle) for a fixed slant

rx v s
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Range/Altstude Table
slant Range Altitude
Pixed FOV (3-D) Plight path Position tfeet) (o)

Actual |Sipulated |Simulateq

Atitude P}_ (start) 40 10,000 5,000

P}‘(end) 6 1,500 750

R, 14 3,500 1,750

Notes/Legend

® Target Scale = 250 to 1

® opy ® Fixed TV FOV (vertical) - 4,5°
.

.

Oy = Fixed TV FOV (horizontal) - 6.0 (3°D) Lans Position

G2y ® Z00m TV FOV (vert.) - 2° to 13° Szv (Rax.) = 13° (geart)

Ggy (min.) = 2,0° (end)

Gz4 ® 200m TV FOV (hor.) =~ 2.6° to 17°¢
Zoom FOV Coverage

Raax ™ Initial s/k to target (!‘ix.ed Fov)
Ruin ® Final S/R to target (Fixed FoV)
* R, = 2o00m lens-to-target S/R (Constant)
® V = Approach velocity (relative)
. ® 8 « Dive angle
® H = Altitude relative to target
* Two simulated velocities used: Terrain Model
V 1,100 ft/sec. - 650 Knots (250 to 1 Target Scale)
and V650 ft/sec. : 380 Kxnots

e o o

Figure 26. Profile of Basic 2-D 3-D Dive Approach Geometry

range; however, longitudinal distance, and therefore depth-of-field*, in-
creases substantially (and at an increasing rate) as the Qive angle is
reduced. With 6 equal to 30 degrees, the total longitudinal distance is
approximately 1 foot at the minimum slant range, Ryin of 6 feet. Measure-
ments showed that the TV camera/zoom lens (with the 2X extender) provided
acceptable near and far-field focus under these conditions with lens f/stop
settings compatible with the reflected brightness levels of the terrain
model under natural illumination.

With a 30 degree dive angle, the camera lens height, H, equals one-half the
corresponding slant range, R (i.e., H = R sin 30°). Since Rnin equals
6 feet, Hpin equals 3 feet, or a 750 foot simulated altitude. This dis-
tance was large enough to assure proper clearance.

Maximum range, Rnayx, was determined by the maximum operating height of
the vertical movement I-beam on which the TV sensor was mounted. With Hiay
equal to 20 feet, maximum slant range Ryay was 40 feet which represents a
simulated 10,000 feet.

]

* Depth of field,Fp, (required) approximately equals the product of longitu-
dinal distance, D, from the center to edge of the FOV and the cosine of
dive angle, or: FD ~ Dcos®.
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Figure 27. Lateral and Longitudinal Distances Viewed by Sensor with
Fixed FOV

1.1.2 3-D Dive Approach Implementation. The sensor movement system con-
sisting of the three-axis flight table, transverse carriage assembly, and
vertical movement I-beam is designed to proviile, in conjunction with the
longitudinally driven terrain model, movement with 6 degrees of freedom
under analog computer control. The terrain model can be operated either in
a horizontal position or tilted at 25 degrees. For this series of tests,

the model was used in the horizontal position to obtain natural shadow
conditions in direct sunlight..

Closure on a selected target along a constant dive approach was
dccomplisned by simultaneous movement of the I-beam and the terrain model
under computer control. With the camera at depression angle, 6 (30 degrees)
and with approach velocity, Vg, the vertical velocity component, Vy, of the
I-beam equals VR sin 30° = 0.5 VR. The corresponding horizontal velocity
component, Vy, provided by terrain model movement, equals Vg cos 30° =
0.866 Vg. Thus, for a simulated approach velocity of 1,100 feet per second

(or 1,100/250 = 4.4 feet per second actual), corresponding vertical and
horizontal drive rates are
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vy = 532-4 2.2 feet per second

Vh = 0.866 VR = 3.8 feet per second.

The above values are the maximum rates used in this series of tests.

1.1.3 Determination of 2-D Dive Approach Geometries.

This section discusses
the derivation of the techniques

used to produce the 2-D runs equivalent to
their 3-D counterparts. Referring again to Figure 26, which shows profiles

of both 2-D and 3-D geometries, the operating conditions which must be
defined for the 2-D series of tests are: (1) zoom lens-to~target slant
range, Ry (a constant value for the 2-D Dive Approach runs), and (2) mini-
mum and maximum values for both the vertical and horizontal Fov's
Gzy) throughout the zoom range of the lens.
to determine the rate at which the zoom FOV h
constant velocity approach.

(agy and
In addition, it was necessary
ad to be varied to simulate a

The key relationship between the 3-D and 2-D geometries is shown in
pPlan view in Figure 28. 1In the 3-D case, as the TV camera with a fixed
FOV approaches the target plane at constant velocity, the lateral
dimension in the target plane decreases linearily with range. 1In other
words, distance (A to A') - (B to B') = (B to B') - (C to C') = (C toC') ~
(D to D'), etc. Also, lateral values vary inversely with run time, as shown
in this illustration. Run time is normalized here for clarity. To simulate

FTixed rov < Target Plane
P
- -
——

20m PV LT
~
~

~

|

| | |
1) 0.25 4.3

un Time, ¢t (Mormalized)

Figure 28. 2~D and 3-D Run Geometry Relationships
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the same apparent closure rates (image expansion rates
the TV camera zoom FOV must be ad
with the widest FOV at time to

seen in the 3-D convergence runs

) in the 2-D runs,
justed as a function of run time, starting

to match the corresponding lateral dimension

A simple relationship exists between focal length, slant range, lateral

coverage, and vidicon sensor photocathode width, as shown in the sketch
below. -

Target Plane
Photocathode

-+
-

X = Vidicon photocathode active width = 0.5 inch

]
=
L}

Lens focal -length

L)
[}

2 Lens-to-target plane slant range

x
[}

Total viewed lateral distance in target plane

It may be seen that:

Rz (inches) = 2 f1 (inches) * w (inches)

Rz (inches)

and W (inches) = 2 f1 (inches)

To simwulate a 2-D image source, the zoom lens was placed approximately
midway between the maximum and minimum slant range values used in the 3-D

runs. This provided a fixed perspective which represented an average of
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the changing perspectives obtained in the 3-D runs.t* The maximum zoom lens
focal length, fl, (maximum), corresponding to the minimum zoom horizontal
field of view, ay, determined the location of the TV camera in slant

range. This condition occurs at the end of the run (at normalized time £=1,0)
where the camera with a fixed FOV, apy, as used in the 3-D run covers the

lateral distance (E to E') as shown in Figure 28. This final lateral dis-
tance is designated as We. For a one inch vidicon camera, the angle apy
can be converted into its equivalent focal length, flp, by the expression:

£1_ (inches) = —2:25

a
tan (_g'ﬂ_)

- __6.35

le (mm) -
tan (——2-—)

and

Since aF = 6 degrees

6.35 6.35
le(mn) tan 3° 0524 ~ 120 mm

Then, based on the previously defined relationship,

W o= R min (inches)
£ 2 le

As indicated above, at the end point in the run, the lateral distance

Wz (min) viewed by the minimum zoom FOV should match the final FOV lateral
distance, Weo-

Therefore:

Wz (min) =

Since Wz (min) = wf at this point,

* Ag discussed.in Appendix B, paragraph 2.2, pilot tests showed that the
differences in perspective betweern the 2-D and 3-D viewing modes were
below threshold for all subjects.

59




v

NAVTRAEQUIPCEN 70-C-0238-1

RZ = R (min)
2 flz (max) 2 le
flz (max) * R (min)
and R, =
n 5 £l

Using a 2X zoom lens extender, the maximum useful zoom focal length was
.280 mm.

With: flz( ) = 280 mm
le = 120 mm
R . = 6 feet
min
then Rz = 72§g§%_§. = 14 feet

This calculation therefore determined the fixed position of the zoom lens
for the 2-D runs.

As previously noted, the criterion for controlling the zoom lens FOV
was to maintain lateral coverage equal to the 3-D viewed dimensions at
corresponding times in the runs. Figure 28 depicts this time relationship
for the two operating modes. The actual zoom focal length, flz, values
corresponding “to physical 3-D range, were computed from the previous
expression, rearranged to make fl; the dependent variable. Thus,

R

£1, = £l x—: - 14 f1,
R (feet)
£1 14 x 120 _ 1,680

Z (mm) R (feet) = R (feet)

Table 5 lists required values of f1_ and FOW's for several values of physical
range, R. These ranges are based ofi the established, fixed values of 3-D
field of view and 2-D zoom lens-to-target range.

A plot of the above zoom focal length values is shown in Figure é9,
with 3-D slant range and run time (normalized) shown on the abscissa-.
Function generators in the GDC analog computer were set up on the basis of the

fl versus time curve. Focal length values were converted to corresponding
zoom lens drive voltage levels.

1.1.4 2-p simulatedgggggpach Implementation. As noted above, the zoom

lens was operated under analog computer control to produce the desired tar-
get convergence rates. Both the 1,100 and 600 foot per second 3-D approach
velocities were simulated in the 2-D runs by varying the time base.
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TABLE 5. ZOOM FOCAL LENGTHS AND FOV CORRESPONDING TO 3-D RANGES

3-D Range

Zoom FOVs

(Degrees)

Zoom Focal Length

Horizontal

Vertical

(Feet)

flz (mm)

%2

bA'Y

40.0
31.5
23.0
14.5
6.0 °

42
53
73

17.2
13.7
9.9
6.3
2.6

12,9

10.3
7.4
4.7
1.95

| 4

Comditions:

x dexr on A fieux
loulzoo.lm-lnnuls-l.%-nngo

Zoom Pocal length - (mm)

1 1 1
as 20 15

Equivalent Slant Range (feet)

0.s of7s
(Wormelized)
Figure 29. Zoom Focal Length Required as a Function of Slant Range
and Normalized Time

un Time, t

Since a-fixed range was used, there was no requirement to adjust the
vertical movement I-beam. Initial alignment of the camera LOS on the tar-
get aim points used in the 3-D runs was accomplished by accurate, manual
control of the transverse carriage assembly and the terrain model. Also,

the focus of the TV camera lens was set manually and remained fixed through-
out each 2-D run.
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2. CONSTANT ALTITUDE APPROACH RUNS

The conditions employed in this series of tests were dictated in part
by a desire to maintain certain commonalities between the Dive Approach and
Constant Altitude Approach tests, and in part by equipment characteristics.
These considerations are discussed in the following sections.

2.1 CONSTANT ALTITUDE APPROACH GEOMETRY. A profile view of the approach

1 geometry employed is shown in Figure 30. Comparison of Figures 26 and 30
shows that both series of tests utilize the same sensor depression angle and
the same maximum and minimum slant range/altitude values. Also, as dis-

? cussed in Appendix D, four target areas on the GDC terrain were common to
both tests.

In addition to the difference in target approach paths -~ dive versus

s constant altitude - there was a second difference between these stimulus
generation modes. In the dive case, equivalent 2-D runs were in fact made,
whereas in the constant altitude case, all runs were actually 3-D; that is,
there was movement of the TV camera LOS relative to the targets and their
backgrounds. Based on the experience gained in the Dive Approach series,

Range/AlLitude/FOV Table

Actual Distance | Simulated Distance V-FOV, a
Position (feat) (feat) {Approx.)

e | Altitude]| Range [Altitude ‘
Constant Altitude R, /4, 40 20 10,000 5,000 2° 2:6°

v

> —> R,/ 20 10 5,000 { 2,500 e | s.2
R:’/u3 12 6 3,000 1,500 7° 9.3°
6 3 1,500 750 13° 17¢

Notes/Legend
® Target model scale = 250 to 1 I
* a = TV FOV (Fixed for each altitude) #

R = Slant range to target

H = Average altitude adove terrain
® V = velocity over terr. n (relative)
0 = Depression angle of TV optics
® Two simulated velocities used:
V = 200 ft/sec. 3 120 Knots

and

V = 400 ft/sec. - 240 Xno'.s

Texrain Model
(250-to~1 Target scale)

Figure 30. Profile of the Constant Altitude Approach Geometry
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however, it was known that at the greater range/altitude combinations (40
feet/20 feet, or 10,000/5,000 feet simulated), the degree of motion paral-
lax and perspective change was generally below threshold. Therefore, 2-D
conditions were effectively achieved by use of these extended distances.

Target Plane

In the above sketch:
X = Vidicon photocathode active width = 0.5 inch
f11 = Lens focal length (initial)

fl2 = Lens focal length (final)

R; = Slant range (initial)

R2 = Slant range (final)

W = Viewed terrain width (constant value)
Here,

X _ W

fl1 Rl
and

—x—.=l

fl2 R2
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To provide dynamic imagery as similar to the BLD runs as possible at
the various range/altitude values the width of the viewed terrain area was
held constant for each run. This was accomplished by adjusting the sensor
focal length to produce the required FOV for each condition. The sketch
and calculations below show the basic geometry and the relatio:
slant range and focal len
in Fov.

nship between
gth used to calculate the necessary compensation

T
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Therefore

The next decision involved selection of the desired values of fl; and
fly, corresponding to minimum and maximum FOV's, respectively (the ratio
f11/f12 was already established at 6.7 to 1 since Rl/Rz was known). Pilot
tests were run in the GDC to obtain a Preliminary assessment of different
FOV ratios. It was determined that at the lowest range/altitude, the TV
sensor vertical FOV should be limited to about 10 to 15 degrees to minimize
.the difference in near and far field target image magnifications. At larger
FOVs it became increasingly evident that the run was made at a low altitude
because of this magnification difference. Since the greater range/altitude
runs were performed using smaller FOVS (to maintain equal viewed terrain
widths) the near and far field magnifications were essentially equal. The
maximum vertical FOV, oy, selected on the above basis was approximately 13
degrees. This established the minimum sensor focal length of 42 mm. Based
on the relationship stated above, the focal length corresponding to the
maximum range/altitude values of 40/20 feet (10,000/5,000 feet simulated)
was computed as follows: )

R
x (max)

fl(max) B fl(min) R

(min)

40
£ = 2= =
1( X) 42 x 3 2?0 mm

Two intermediate range/altitude values were also necessary to achieve
reasonably small incremental changes. Values of 12/6 feet and 20/10 feet
were selected on the basis of pilot tests. The table included in Figure 30
shows the required focal lengths and Fovs corresponding to the four range/
altitude conditions. )

Approach velocity was also investigated in a pilot study. Two values
were finally chosen, viz., 0.8 feet/second and 1.6 feet/second (200 and 400
feet/second simulated). The higher velocity represents the maximum value
which did not result in objectionable image smearing.
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APPENDIX F
STIMULUS TAPE GENERATION

1. INTRODUCTION

This appendix describes the procedures used to acquire the basic imagery
and produce the video tapes used in the behavioral analyses.

The experimental designs and behavioral test procedures for both the
Dive Approach and the Constant Altitude Approach tests were discussed in the
main body of this report. Appendices B, C, D, and E describe the geometrical
relationships, test facilities, targei: area characteristics, test procedures,
and typical pilot runs leading to-acquisition of the basic 3-D and 2-D
imagery.

Video tape recording (VTR) pexmitted portions of the basic imagery to
be arranged into irregularly ordered sequences for the behavioral analyses.
In addition, the necessary range-to-go data and run identifications (voice
inputs) could be dubbed onto the audio channel(s) of the video tapes.

2. DATA GENERATION AND RECORDING

For initial TV system setup, a half-black/half-white card was placed
flat on the terrain model, and using the viewing geometry to be employed
in the actual data runs, the TV camera lens iris* ywas adjusted to produce a
nominal peak-to-peak level of 1.5 volts video into the gamma corrector.
This established the desired operating range of the gamma corrector unit,
which then added horizontal and vertical sync to produce approximately 1.0
volt video pius 0.5 volt sync at its output (input to the SONY 2 inch VTR).
The TV camera then was accurately aligned on the selected target area and
the camera iris was adjusted (along with minor adjustment of camera control
video gain) to produce the desired video level from the gamma corrector.
The VIR recording level then was adjusted, while observing the video
recording level meter, to the optimum recording level. The selected run
was recorded on the 2 inch SONY VTR.

Electronic editing was used to produce a semi-random order of tar-
get runs on the Final Stimulus Tapes. The procedure was to brepare a random
listing of runs (see Tables 6 and 7) which included the various combinations
of target area, dimensionality, shadow condition, approach velocity, and in
the Constant Altitude case, the slant range/altitude/FOV condition. Compo-
site video from the 2 inch machine was fed to a second VIR - a 1 inch type
SONY - which incorporated the electronic editing capability. This permitted
these basic runs to be duplicated on the 1 inch tape in the desired
sequence while maintaining vertical synchronization (to prevent picture

* The Angenieux zoom lens (with 2X extender) was typically set between
£/16 and £/5.6, depending on natural illumination conditions.
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roll-over when switching from one run to another in the duplicating process).
Using this procedure, Master Stimulus Tapes were prepared (including dubbed
audio data) for both of the behavioral tests.

Final Stimulus Tapes used in the behavioral tests were then prepared
from these master tapes. This was done by direct duplication of the 1 inch
tape 1ata on 2 inch tapes.

3. FIDELITY OF FINAL STIMULUS IMAGERY

There was some initial concern regarding the image fidelity which
could be expected from third generation video tapes. Preliminary tests ’
indicated that acceptable imaye quality should be achievable since reason-
ably high levels of performance were obtained with both the 1 and 2 inch
SONY recorders. To verify this, however, image quality was assessed at
several stages in the recording/duplicating process by use of a resolution/ ;
grey scale signal obtained from the TV camera viewing a RETMA type test .
chart. The results of this evaluation are summarized in Table 8. :

TABIE 6. DIVE APPROACH STIMULUS PRESENTATION SEQUENCE

Simulated i
Velocity ’
Trial No. Target Area Dimensionality Condition¥* (ft/s)
(Practice Trials)
1 Power Plant 3-D S 650
2 Power Plant 3-D S 650
3 Power Plant 3-D S 1,100
4 Power Plant 2-D S 650
5 Power Plant " 2-D S 650
6 Power Plant 2-D S 1,100
(Test Runs)
1 Ind. Area 2-D S 650
2 POL 3-D NS 650
3 Airport 2-D S 1,100
4 - Bridge 2-D S 650
5 Bridge 3-D S 1,100
6 Airport 3-D S 650 :
7 POL 2-D S 1,100 5
8 Ind. Area 2-D S 1,100 ‘
9 Mtn. Storage 3-D S 650 -
10 POL 3-p S 1,100 :
11 Airport 3-D NS 650
12 POL 2-D s 650 :
13 Bridge 2-p s 1,100
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TABLE 6. DIVE APPROACH STIMULUS PRESENTATION SEQUENCE (CONT)

Simulaé;a
Velocity
Trial No. Target Area Dimensionality Condition* (£t/s)
14 POL 2-D NS 650
15 Ind. Area 3-D S 1,100
16 Airport 2-p S 650
17 Bridge 3-D S 650
18 Mtn. Storage 2-D S 650
19 Ind. Area 3-D S 650
20 Airport 2-p NS 650
2% POL 3-D S 650
»2 Airport 3-D S 1,100
23 Bridge 3-D S 650
24 POL 2-D NS 650
25 Mtn. Storage 3-D S 650
26 Airport 3-D S 650
27 Airport 2-p ] 650
28 Bridge 3-D S 1,100
29 Ind. Area 3-D S 650
30 POL 3-D S 650
31 Mtn. Storage 2-D S 650
32 POL 2-p S 1,100
33 Bridge 2-p S 650
34 Airport 3-D S 1,100
35 POL 3-D S 1,100
36 Ind. Area 2-Dp ] 1,100
37 POL 3-D NS 650
38 Ind. Area 2-D S 650
39 Airport 2-p S 1,100
40 Bridge 2-p S 1,100
41 Airport 3-D NS 650
42 POL 2-p S 650
43 Ind. Area 3-D S 1,100
44 Airport 2-p NS 650
*S - shadowed
NS - Non-shadowed
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TABLE 7. CONSTANT ALTITUDE STIMULUS PRESENTATION SEQUENCE

FOV/SR Simulated
Trial No. Area (deg-£ft) Velocity (ft/s)

(Practice Trials)

1 13/6
2 2/40

(Test Runs)

13/6
4/20
2/40

13/12
7/12

13/6
7/12
2/40
7/12

13/6

13/12
4/20
4/20

13/6
4/20

13/12

13/12
7/12
7/12
2/40

13/12
2/40

13/6

13/6

13/12

13/6

13/6
4/20
2/40
2/40
4/20

13/6
7/12
4/20

13/12
7/12
2/40
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TABLE 8. COMPARISON OF VTR STIMULUS MATERIAL FIDELITIES

Signal- Source

Displayed Basic TV |Basic Data | Master Sub- Final Stimulus
Image Camera Tape jective Tape Tape
Characteristic Signal (2 in. VIR)| (1 in. VTR) (2 in. VTR)

Limiting Horizontal :
Resolution (TV lines)w 600 300 to 350 | 275 to 300 275
Limiting Vertical . .
Resolution 350 to 400 {350 to 400 | 350 to 400 350 to 400
(TV lines)
Grey scale steps 8 to 9 8 8 8
SNR (Estimated) > 40 dB 40 dB 37 aB 34 a8

The image fidelity obtained using the final stimulus tape is represent-
ative of the signal quality obtained from an airborne TV system.
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APPENDIX G

MOVEMENT PARALLAX AND TARGET PERSPECTIVE CALCULATIONS

1. INTRODUCTION

This appendix presents the basic geometries and calculations related
to movement parallax and target perspective changes. Initial equations use
sensor viewing geometry as a reference, in which the above target image
effects are defined in terms of Percent change relative to the sensor FOV. |
Later equations translate these changes into image angular displacements ‘
and angular rates referred to the display viewing geometry. Critical

A” ac 4

factors associated with these dynamic image effects are discussed as they
become apparent from consideration of these geometrical relationships.

Methods used to derive the target measurements necessary to compute the
above image moveinents are also described.

2. BASIC GEOMETRY AND RELATED FQUATIONS

Movement parallax and perspective change relationships relative to
both sensor and to display viewing geometries are Presented in this section.

|
2.1 MOVEMENT PARALLAX REFERENCED TO SENSOR GEOMETRY. Both Dive Approach 4
and Constant Altitude Approach conditions are discussed below.

2.1.1 DPive Approach - Longitudinal Image Displacement. fhe basic sensor/
target geometry is shown in Figure 31 in profile. The target is depicted as
a simple, vertical object of height, h, above the terrain background. at
the start of the run -- where slant range equals R -= the sensor optical
axis is aligned on the Aim Point and the sensor fixed vertical FOV, Oy,
covers a distance D to D' on the horizontal terrain surface. At this time,
the initial LOS from the top of the target projected onto the terrain sur-
face appears at point A. As the dive commences, this projected target 1,0S
shifts with respect to the terrain surface at an increasing radial rate
until at the termination of the run, this target LOS appears at point B.

The total shift of the LOS relative to the terrain background is designated
as distance, y. This represents the movement parallax effect for this
particilar geometry. Maximum parallax change will occur if the TV camera
aim point is aligned such that the top edge of the target (identified as

the critical target element, T)* appears at the top of the camera FOV at the
end of the ~ .

* That portion of the target providing the largest movement parallax effect.
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Terrain

Legend

= Dive angle = 30° .

= Fixed TV FOV = 4.5° (vertical)

Initial slant range to target = 40 ft.

?szﬂ (o]

in = Final slant range to target = 6 ft.
= Target height above terrain background
Projected slant distance, target to background, along initial Los

= Final TV sensor altitude above the terrain

L e T
L}

min
Total angular displacement of Projected target LOS from start to finish'of run

< o
]

= Total longitudinal displacement of projected target LOS from start to finish
of run

Y = Longitudinal distance (total) viewed by sensor at Rﬁin'

Figure 31. Dive Approach - Longitudinal Image Disialacement Geometry
(Full Image Displacement) - Profile View
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Based on this geometry, the following relationships are established*: ‘
L. |
v 2

z.ov K.2.q

_ - FV
sing - Xohedy ) _ . 1

-

and y =

where

1
sinb

Similarly, Y &% K‘Rmin . GFV

Let % = percent target vertical shift relative to sensor vertical FOV

K.z.aw . 100

2K.Rmin.aw

- L =
d(s) = & . 100

L

2 R

. 100 (1)
min

a(s) =

H
: - h . min
Since 2 & ~Sine and Ryin = 3ind

ax) & — s?ne . ;1ne 1100 & —; : .100 (2)
min min

Equation (2) shows that movement parallax, expressed as a percent
vertical image shift relative to the total sensor FOV, is directly propor-
tional to the height of the target within the vertical FOV and inversely
Proportional to altitude, over a reasonable range of dive angles. Aas
would be expected then, the maximum parallax effect will occur on the
tallest targets at the lowest altitudes. Also, it can be seen that d(s)

is essentially independent of the actual sensor FOV within certain limits
gparagraph 2.4.2),

target LOS is parallel to the TV optical axis. This assumption introduces a
maximum error of approximately 15 percent in the computed value of displace~
ment, y. However, the same assumption is applied to all dive approach target

geometries; therefore, it acts as a small bias having a minimum effect on
overall results,

!
* One assumption is made to simplify the expressions; namely, that the initial . {
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If, as was the case in certain of the runs made in this program, the
camera aim point is positioned such that the top of the target does not ex-
tend to the edge of the FOV at the end of the run, the expression for dis-
Placement, d, is modified. (See paragraph 2.3.2 and Figure 37 for & dis-
cussion of this effect.) In summary, the percent displacement varies in
direct proportion to the relative location of the critical target element
within the vertical FOV half-angle. That is, if the aim point coincides
with the top of the target, no vertical image displacement relative to the
background takes place during convergence. Therefore, major parallax effects
should be (and were observed to be) at the edges cof the camera FOV.

2.1.2 Dpive Approach - Lateral Image DisFIacement. The basic sensor/target
geometry is shown in Figure 32 in plan view. Only the top of the target is
seen in this view and the critical element, T, is at its top corner. This
figure represents a plane containing the camera optical axis (oriented
along the dive line) which passes through point T and intersects the terrain
background along line W-W'. The distance W to W' is the lateral dimension
covered by the camera FOY at maximum range. The aim point, also along this
line, is selected to produce the maximum movement parallax effect; that is,
at the end of the run, point T will be at the edge of the camera FOV (in
line with point B). At the start of the run, the projection of the target
element onto the terrain background is designated as point A. Thus, the
total shift of the target LOS relative to the background is the distance
between points A and B, designated as x.

Line of Intersection
with Terrain

Critical Target Element ,‘.j.
a— -

—

Initial Targ

TY Optical Axina

Legend

8 = pive angle = 30° (not shown in plan view) T~

h = Target height above terrain (not shown in plan view) e P
Gy = Pixed TV FOV - 6° (Horizontal) 1“
Rm = Initial slant range to tarnet = 40 feet

Rin." Final slant range to target = 6 feet

L = Projected slant distance, target-to-background, along LOS dive angle

= Total angular displacement of projected target LOS from start to finish of run

¢

H
x = Total lateral displacement of projected target LOS from start to finish of run
X = Lateral distance viewed bv =e1sor at range R in®

Figure 32. pive Approach - Lateral Image Displacement Geometry
(Full Image Displacement) - Plan View
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It should be noted that as in the previous longitudinal displacement
case, target height, h, is a critical factor in producing relative image
shifts. This is because the projected slant distance, £, from the target
to the background is a direct function of target height, and the value of
£, in turn, is a major factor in determining target horizontal image dis-
placement. This will be evident from the derived relationship presented
below:

~ O )
¢ = _FH (Based on the same assumption discussed in paragraph
H Z 2.1.1)
and x= & .¢ = ¥ %y
H 2

Similarl = . .
Yo X R(mJ.n) %pu

Let dH = Percent target horizontal shift relative to sensor horizontal FOV.
L.a
X FH
a(s) = = . = —-— .
(%) X 100 R 100
min H
et e i i . - — ——— . —
a(s) = >R . 100 (3)
min
h H . *
. ~ ~ _ min
Since & = — 5~ and Ry ® —Sing
. h  sine - _ _h @
d(s) = > sind 0 .100 = —E—E—T—-.loo )
min min

Comparison of Equation (2) for percent vertical displacement with
Equation (4) for percent horizontal displacement reveals that they are the
same. It should be noted, however, that the values of h in these two
equations are not necessarily equal. In the single target case presented
here, they would be; but in the case of a complex target, the critical
target elements producing maximum vertical and horizontal image shifts
may not be one and the same, in which case the corresponding values of h

could differ.

Equation (4) shows that movement parallax, expressed as percent hori-
zontal image shift relative to the total sensor FOV, is directly propor-
tional to the height of the target within the horizontal FOV and is
inversely proportional to altitude over a reasonable range of dive angles.
Also, 4 (%) is independent of the actual sensor FOV (see paragraph 2.4.2).

* Hmin equals final TV sensor altitude, as in the previous example.
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n A condition may be exprienced similar to that discussed in the pre- ‘
l vious section, where the camera aim point is positioned such that the side . |
of the target (the critical point) does not extend to the edge of the Fov |
‘ at the end of the run. The result would be similar to that portrayed for |
‘ the vertical (longitudinal) case; that is, the percent displacement varies
t in direct proportion to the relative location of the critical target
| element within the horizontal. FOV half-angle (being zero if the aim point
is in line with the critical element).

2.1.3 Constant Altitude Approach - Flat Terrain. Figure 33 shows the
sensor/target geometry in profile. A fixed sensor depression angle is
used on these runs and sensor FOV is constant for a given altitude; there-

fore, the longitudinal distance viewed by the sensor is a constant value.

However, due to horizontal movement of the sensor, the actual viewed

terrain is constantly changing.- This fixed longitudinal distance is :
designated as F in this figure. ) 1

Legend

@ = Sensor depression angle = 130°

Opy = TV IOV Constant for a
H = Sensor altitude given run’

R = Sensor-to-target range
h = Target height above terrain

£ = Projected slant 4di + target-to-backg d, |
Sensor Sensor v along TV 10S
. -— W2 ¢ = Total angular displacement of projected target L0S |
from Position 1 to 2 (= o) |
8 = 30° Lo
S§ = Total longitudinal displacement of projected target
a LOS from position 1 to 2
IS b .

¥ = Longitudinal distance viewed by sensor at range K. :

6 \ Critical Target Elemant ) . 2

N\
Texxain ; \ M
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As the upper edge of the FOV intersects the critical target element,
T, at sensor Position 1, the corresponding target projection on the terrain
is at point M. This projected target LOS shifts toward point N as the FOV
traverses the target and background area, finally reaching point N (at
Position 2) as the bottom edge of the FOV intersects target element, T.
It can be seen frcm Figure 33 that the total angular shift, ¢, of this
projected target LOS relative to the background is equal to the sensor
FOV angle, apy. The corresponding longitudinal displacement distance is

designated as s.

The following relationships are obtained from this geometry:

2.0
- 2-9 _ EV _
$= §in8 ~ “sime =~ K- L. %pv
where K= .1
sind

Similarly, F = K.R.aqQ

FV
K.2%2.a
s _ FV_ g
Then, ¢ = K.R.o_ K (5)

Let 4 =-Percent target vertical shift relative to sensor vertical FOV.
S 2

= -— )] ==,
d(s) F ° 1060 R 100
. ~ h = H
Since & = “sing and R = —sine
=_bk _ _sind z h .
d(s) = =ind = .100 & -100 (6)

Comparison of Equation (6) with Equations (2) and (4) reveals that for
a given target height and sensor altitude, the value of total percent dis-
Placement, d, is wwice as large for the constant altitude geometry as for
the dive approach geometry. Also, as in the dive approach cases, it will
be noted that the value of d(%), is essentially independent of the actual
value of sensor FOV (paragraph 2.4.2). As discussed in detail in para-
graph 2.4.1, sensor altitude is the major.parameter controlling the vaiue
of d(%).
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2.1.4 Constant Altitude Approach - Vertical Background.

the critical factors associated with this case are shown in Figure 34.
major diiference between this and the previous constant altitude case is that

The geometry and

The

the projected target LOS moves down the vertical background surface rather

than along a longitudinal horizontal path as the sensor goes from Position 1
to Position 2. The cases are similar in that the total angular displacement
of the projected target LOS, designated ¢, is equal .to ‘the TV sensor FOV

angle, opy. Also this angle multiplied by the range, R, defines the total
projected longitudinal distance, N, viewed by the sensor.

Sensor Sensor
Position 2

Position 1

H R
Critical Target Elument
Vertical Background
Structure
/7
Terrain
\\ 7/ ._\/
lLegend 4
l=zgend N/
8 = Sensor depression angle = 30°
ey = Sensor FOV
H = Sensor Altitude Constant for a given run
R = Slant range
h = Height of critical target element above the terrain
t' = Projected slant distance, target-to-vertical background along sensor LOS
¢ = Total angular displacement of projected taiget LOS from Position 1 to Position 2
(= cw)
n = Displacement of projected target LOS (normal to TV LOS)} on vertical backgro::ind
from Position ! to Position 2
N = Total projected longitudinal distance (normal to TV LOS) viewed by the senscr at
range R.
D = Longitudinal separation of critical target clement to the vertical background.

4

.

Figure 34. Constant Altitude Approach Geometry - Vertical Background Case
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The important new factor identified in Figure 34 is D, the longitudinal
separation between the critical target element and the vertical background.
The significance of the value of D may be seen from the following relation-
ships:

Here L' =

since 6 = 30°,

D
! = —_— =
L 566 1.155 D

[) — 1 ] - k ]

andn = ' . ¢ L . aFV

a1§o, N=R. aFV

[}
P then, —— = - X - %V . (7
R . opy

Let d = Percent target vertical shift relative to sensor vertical FOV.

n
a(s) = N 100
Finally, d4d(3) = %‘—)—= . 100 (8)

The interesting point about Equation (8) is that percent displacement,
d, is shown to be controlled by the longitudinal separation between the tar-
get and the vertical background and not by the target height, as in previous
cases. Also, altitude, H, (as defined by the slant range. and depression
angle values) is the second controlling factor. As in'previéus cases, the
actual sensor FOV size is not a significant factor in determining the value
of d(%) based on this single target geometry.

2.2 PERSPECTIVE CHANGE RELATIONSHIPS. An effect of changing target pers-
pective was known to be present in the Dive Approach 3-D runs and in the
Constant Altitude runs, hut behavioralLtests showed it was not a primary clue
to dimensionality of the final stimulus tape sequences. As previously stated,

. the primary clue was the presence or absence of a detectable degree of move-
ment parallax. To understand the reason for the differences in responses to
these two types of dimensionality clues, perspective change relationships
were derived to permit a quantitative comparison with calculated mo.ement
parallax values.

The perspective shift of interest in this study is foreshortening in
the vertical plane. Perspective changes also occur in the horizontal plane,
but generally similar changes would occur with either 3-D targets or a 2-D
replica of these targets; therefore, they would not constitute clues to the
dimensionality of the image source. For example, the flat roof of a 3-D
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building would change shape as a function of viewing angle, but a photo-
graphic image of this same roof also would change shape with variation in
viewing angle.

With regard to vertical perspective change, the Constant Altitude
Approach inherently should produce the greater effect at a given altitude,
since more translatory motion of the sensor FOV across the target occurs in
this approach mode. This, therefore, is the particular geometry discussed
in this section.

Figure 35 depicts the Constant Altitude perspective change geometry.
As the target of height, h, enters the top of the sensor FOV, LOS 1, cor-
responding to this top edge intersects the tallest front-viewed target
element, T. The line of sight to the bottom of the target, point B, is de-
signated LOS 2.. Due to the relatively small target height compared with
slant range, R, LOS 2 is essentially parallel to L0S 1*. The separation of
these two lines of sight, identified as distance h, represents the initial
projected target height normal to the TV LOS. As the sensor moves along the
constant altitude path and gets closer to the target, the projected height
of the target continuously decreases. I+ assumes a minimum value when point
B reaches the bottom edge (LOS 3) of the sensor FOV. Here, the line of
sight to the top of the target, point T, is shown as LOS 4. Due to previously
discussed reasons, these two lines of sight are essentially parallel. Here
the geometry is purposely distorted as in the case of LOS 2 for illustrative
purposes. The separation between LOS 3 and LOS 4, designated h2 represents
the minimum projected target height. The difference between h; and hy then
is a measure of~the change in target vertical perspective. The following
formulas derived from this geometry include expressions for h; and h,.
Their difference is then related to the total distance, N, viewed by the
sensor vertical FOV to obtain a percent displacement expression which can
be compared with the previcusly derived percent displacements produced by
movement prallax effects.

From basic geometry:

Angle a = Angle a‘

and angle b = angle b'

%py
where Angle =0 -~ ——

op

and angle b 0 + 5

* This illustration is purposely distorted to magnify the vertical pers-
pective change effect. 1In actuality, LOS 2 would intersect LOS 1 at the
point shown as Sensor Position 1. )
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Sensor Positions

Terrain

Sensor depression angle = 30°
Sensor FOV w

Sensor altitude ) - Constant for a given run _

Slant range
Maximum height of viewed target surface ahove the terrain

Initial projected target height normal to TV LOS

Final projected target height normal to TV Los

Figure 35, Perspective Change Geometry - Constant Altitude Approach
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%ey

2

Then, h1 =h . cos (6 - )

aFV)
2

and h2 =h . cos (8 +

If vertical foreshortening (perspective change) is identified as Ah,
then:

&h = h; - hy

a Qa

bh=h ((cosd - =Y} - (cost + Ky

]

))

Also, N =R ., aFV (radians)

Percent perspective change relative to sensor vertical FOV

Let p =
Ah
p(%) = N . 100
o o
h ((cosf - —gv—) - (cosf + -—F-V—)
p(%) = . 100 (9)

R. aFV(radians)

. Examination of Equation (9) reveals that percent perspective change, p,
is directly proportional to target height* and inversely proportional to
slant range. Other factors influence the value of p as well, including
sensor depression angle and sensor FOV, but their effects on the value of p
are not as evident. It can be shown that over a reasonable range of geome-
tries, p(%) is not affected by the absolute size of the TV FOV. Also, p is
found to vary directly with depression angle.

. As previously noted, these perspective change relationships are more of

academic rather than practical interest in this study, since they had only
a minor influence on subject perceptual respon ;es. Paragraph 2.3 does in-
clude a sample calculation to quantitatively verify that the available
values of p were-'small compared to the available values of motion parallax,
d, in this test series.

2.3 DISPLAY VIEWING GEMOTERY. This section initially discusses the basis
for Presenting image displacements both in terms of percentage of the sensor
FOV and actual displayed visual angle. Then, the display viewing relation-
ships are presented which provide the basis for displayed angular displace--
ment and angular rate calculations included in paragraphs 3.2.1 and 3.2.2.

* This is true as long as target height subtends a small portion of the
total vertical FOV of the sensor.
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2.3.1 Introduction. Previous sections have presented 3-D target effects
relative to the TV sensor FOV geometry. This has provided the basis for
computing target/background movement parallax and target perspective changes
in terms of percent shift of the affected lines-of-sight relative to the
total sensor FOV. Defining these effects as a percentage of the sensor FOV
has the advantage that the results are not specific to onz TV display
viewing geometry*. The percentage FOV displacements can be correlated

with behavioral test results and then used to predict subjects' perceptual
performance using other 3-D target configurations and viewing geometries. **
However, it is also important to relate these LOS angular shifts to the
specific display viewing geometry employed. This provides data on the
magnitude of TV displayed angular image movements required to reach per-
ceptual thresholds. The associated geometrical relationships are derived
below.

2.3.2 Display Image Displacement Geometrical Relationships. The primary
display viewing distance used in the behavioral tests was 20 inches. This
was selected to provide adequate eye accommodation while being sufficiently
close to achieve a display limited viewing condition. At this distance,
the active display raster size of 4-5/8 x 6-1/8 inches subtended total
vertical and horizontal angles of 13.2 x 17.6 degrees. Relative to the
fixed TV sensor FOV of 4.5 x 6.0 degrees used in the Dive Approach tests,
this represented a display magnification*** of approximately three. A
second nominal viewing distance of 60 inches (providing unity display
magnification) also was used in the Dive Approach tests to determine if
this degree of magnification affected image dimensionality perception.

As previously discussed, there was no measurable difference between the
two conditions, indicating that displayed image fidelity was the limiting
factor rather than the subjects' visual perception. For this reason, all
the Constant Altitude tests were performed at the 20 inch viewing dis-
tance and the computed displayed image.displacements and rates were based
on this viewing distance.

Figure 36 depicts the display viewing geometry. For the sake of clarity,
the horizontal and vertical viewing parameters are shown in separate sketches.

* This presumes TV mediated cases where the acuity of the eye does not
significantly limit the fidelity of the perceived displayed imagery; that
is, a TV performance-limited viewing condition exists, which was the case
in this test program.

**  These predictions, however. should be limited to cases in which the
resolution and SNR performance of the image display system used approxi-
mates those of the TV system employed in this test program (see Appendix F,
Paragraph 4, for a summary of resolution and SNR performance obtained from
the video tapes on which the final stimulus data were stored).

Total display angle
Sensor FOV

*** Dpisplay magnification =

82
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BH = Total displayed horizontal angle
DH = Displayed horizontal image displacement

~ ~—— L v 1
S—
S
— ~—

-~ S——
\\\

Bv = Total displayeé vertical angle
Dv = Displayed vertical image displacement

Figure 36. Basic Display Viewing Geometry

The values of horizontal and vertical image displacements, Dy and Dy, are
directly related to the percentage sensor FOV lateral and longitudinal
image displacements, d(%), previously discussed. Figures 37 and 38 portray
both sensor FOV geometry and the resulting displayed image effects for a
Dive Approach run. Figure 37 shows the case in which maximum horizontal
LOS displacement is produced (the critical target element is at the edge
of the TV FOV at the end of the run). In this case, the target/background
relative lines-of-sight have shifted from position A to position B, a dis-
tance designated as x. As previously described, the ratio x/X . 100 = d(s),
horizontal image shift. This sketch shows that both image points A and B
move farther out from €he center of the display as the range decreases, due
to image growth effects; however, the target image shifts more rapidly -
this differential shift being the movement parallax effect.

EEEVUREN
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Legend ) )

TV sensor fixed FOV
Total displacement of projected target LOS from start to finish of run

Cpy

Total distance viewed by sensor at range R ...

Background

—
—
Pt el

gensor =" = ———

e oy - - - =

'
]
)

B A «—— Display —p

Figure 37. Sensor and TV Display Relationships for Maximum LOS
Displacement Case in Dive Approach Runs

The following relationships can be derived from this illustration:

x _ u .
X BH

. X . . .’ .
Since < is the horizontal (lateral) image displacement ratio,
{

termed dH’

D.=4d_ .R . (10) g

In similar

R WA N o JUMp e
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= TV Sensor fixed FOV

x = Total displacement of projected target LOS from start to finish
of run

X = Total distance viewed by sensor at range Rhin

SPHD and SPVD = Horizontal and vertical distances from aim point to
target LOS projection (point A) 1in display FOV

Sy" and SPv = Horizontal and vertical distances from aim point to tar- ,
get LOS projection (point A) in sensor FOV ‘
SHD and SVD = Horizontal and vertical distances from aim point to edges

of displayed area

SH and Sv = Horizontal and vertical distances from aim pPoint to edges
of sensor viewed area

Background

7
;
}

Sensor

A

\‘\impom

. o
1 : + V]
e | A

: -HSPHD !6

PR

.

A\

T e e e i, e

Figure 38. Sensor and TV Display Relationships for partial LOS
Displacement Case in Dive Approach Runs

= »
Therefore, D, dv . BV (11)

g Figure 38 shows the case where the edge of the target (the critical
element) does not extend to the edge of the sensor FOV at minimum range,
due to the particular aim point selected. In this situation, maximum image
displacement, dy, is not achieved (i.e., repositioning the sensor aim point
would produce greater image movement). In this case, the actual horizontal
displacement ratio, dH(a)' is reduced as follows:

* 'Equation (11) applies both to the Dive Approach and Constant Altitude cases,
and in the Constant Altitude case it is used directly for computation of dis-
played image displacements.

ERIC . , ,

P e 85 |
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dH(a) = dH . g;— (12)

Also, actual displayed image displacement becomes:

DH = dH(a) . BH (13)

Similar relationships hold in the vertical (longitudinal) case, i.e.,

SPV

- “BV 14
day =y - 5 (14)

and DV = dV(af . BV ' (15)

Also, from Figure 38, it can be seen that:

s s

PH - PHD
SH SHD
and
v Spwp
SV SVD

therefore, equations (12} and (14) can be rewritten as:

S

%@ T %W 2D . (e
HD
SP 4 . .
Here, is termed the horizontal displacement factor,
HD
and
S
PVD
d = - — (17)
V{a) dV SVD
SPVD
Here, 3 is termed the vertical displacement factor.
vD

-7
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Equations (16) and (17) were used (in paragraph 3.2.1.1) to compute LOS
displacements relative to the sensor FOV (expressed as percent Fov), and
equations (13) and (15) were used in the computation of displayed image
angular displacements.

2.3.3 Dpisplayed Image Angular Ra-e Relationships. Different types of dis-
played image rate effects were experienced with the two categories of target
approach runs used (i.e., Dive and Constant Altitude). 1In the Dive Approach
case, an increasing radial image growth rate exists over the entire scene,
independent of movement parallax effects. fThis overall scene growth rate

is defined herein as the absolute rate and it applies both to the target

and background images. In addition, the movement parallax effect produced

a relative rate (also radial) between the .selected target and its background.
In the case of the Constant Altitude runs, again two rates were involved.

The absolute rate in this case was in a drwnward (near field) direction and
resulted from translation of the sensor FOV along the selected terrain paths.
The relative target/background LOS »=ie in this case, resulting from move-
ment parallax, also was in the vertical direction.

In both the Dive and Constant Altitude runs, the absolute rates were
substantially higher than the relative rates. However, in none of the cases
did the rates appear to fall in a critical region where they would signifi-
cantly affect perceptual performance. That is, performance remained essen-
tially unchanged when the rates were varied over a two-to-one range. Still,
it is of interest to know in quantitative-terms what these rates were since
this indicates a region of noncritical TV mediated dynamic¢ viewing.

2.3.3.1 Dive Approach Riate Relationships. abhsolute growth rates can be
determined by use of Ekpressions derived from sensor FOV geometry. Figure
39 shows the terminal phase of a dive approach, since the displayed image
growth rate is the greatest at this point.

Referring tu this illustration:

xmin - 1
R'min Rl o
x1 ) Rmin
xmin = R
1
and o = min _ xl * Rmin
P R1 R1 . R1
. % X
Since -2— = §—
1
o = e R'min
P 2 L] Rl
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Object lane
\

-Legend
V = Aapproach veiocity
t = Final t::.-e increment prior to end of run
R i = Minimum slant range .
. 4R = Final slant range intrement prior to end of run
(AR = V-.t)
Rl = R. + AR
nin

oy = Total sensor FOV

X i = Object distance within one—half sens0r FOV at R

nin
xl = Object distance within one-half seasor FQV at R1

cp = Partial sensor half FOV angle required to cover distance -X in 3t range R,

-Figure 39. Sensor Geometry Related to Dive )
Approach Absolute Growth Rate

Since the image of point P will shift to position P' in time, t, the
final absolute rate, a » of the sensor 10S 1 15°

-—'IL -a a 2a
. .2 P _ T P (18)
G = t 2t

As previously discussed, at the 20 inch viewing distance, display mag-
nification equals three; therefore, the displayed image rates will be three

times the corrasponding sensor LOS rate. The final absolute rate, B of the
displayed image is: '
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NOTE:
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= total displayed image shift at R .
= total displayed imace shift at R,c

= displayed image incremental shift between Rb and R
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e
i

(7]

2

{43
[ - ZQP)
t

- (19)

. 3
BD T2 0t

The above expressions are of a general fbgm. If horizontal rates are
desired, then ap will assume a value equal to the sensor horizontal
FOV, or a sensor vertical FOV value if vertical rates are desired.

The expressions for Dive Approach relative displayed rates can be
derived by reference to paragraphs 2.1.1 and 2.1.2 of this appendix.
equations (2) and (4) show that with a fixed dive angle ahd'fixed target
height, motion parallax-generated sensor LOS displacements are inversely
proportional to. slant range.

There,

Aiso, equations (10) and (11) in paragraph

2.3.2 show that displayed image shifts are proportional to sensor displace-
ments. :

= approach velocity
= minimum slant range
= . current slant range

= total sensor LOS shift at R .
min

= total sensor LOS'shif; at R.c

min

min,

=D, -
thus AD min Dc

= displayed image relative rate

= time (seconds) to travel the distance (Rc -R:.)=

R -R.. -

}

|

§
!
!
!
i
+
i
;
H
'
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? . From the above referenced equations: ) 1
K |
dmin B R . : ; |
’ min i R
S T
| and dc = R 1
c - ! ‘

‘ a R_. :

C = mn 3

a . R N

min c - . :

. - {

Also, D . = K.da. :

n min 4

-

- and D = K . d - ‘

c c .

:

.4 D R .

c __¢c_ min ;

: a D_. R K

: min min (] £

. D, = D. . “min :

c min #

R i

c M

4

Since oD = D. - D i

min c

AD = D. -D . . Pmin {

min min * ——— :

R

[+ i

min E

= - — 3

AD Dyin (1 R_ ) i

Average displayed image rate, 13, is:

. AD : : '
D = ¢ ; . E
. Rmin i
7Dmin (1 - E;-—O . ¥
3 = - (20) ’ }
NOTE: The above expression is in a general form. Appropriate horizontal
or vertical displayed image displacements substituted for D_:., will

min
produce corresponding horizontal and vertical displayed image

relative rates.
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2.3.3.2 Constant Altitude Rate Relationships. The displayed rates of
interest in this case are the average absolute and relative rates observed
as the images move from top to bottom of the display. The values can be
determined by computing the total time, t, required for a point entering
the top of the displayed scene to move to the bottom, and then dividing
this time into the appropriate angular displacement values.

Figure 40 presents the Constant Altitude flight geometry from which
the required time may be computed, based on a simulated 200 ft/s. velocity.
Since by design, the sensor FOV was adjusted as altitude was varied to

B
Terrain iZ;[ -
) \ / .$/
\\ /
\<:(///,
pe—————————y
Legend
R = Slant range, Sensor-to-target
H = Altitmh; Sensor-to~terrain
"8 = Sensor hepression angle
@ = Sensor vertical FOV
v
= Total viewed longitudinal distance normal to TV optical axis
¥ = Total viewed longitudinal horizontal distance

= 'Relative sensor/terrain model velocity
(= 0.8 ft/sec. actual - 200 ft/sec. simulated)

Figure 40. Constant Altitude Geometry
(for use in Image Rate Computations)
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maintain essentially a constant viewed terrain dimension, the time factor

will be the same for all sensor FOv/altityde combinaticns. The maximum aiti-
tude case was used in the following Computation. v

For the maximum altitude (20 feef) case:

R = 40 feet
av = 2 degrees = 0.035 radian
Heré, X = R.a
v,
. X = X _
and Y =_TF < g5 - X
Y = 2.R.a
- v
= 2 -.40 - 0.035
= 2.8 feet
- t = z

v

For a velocity, V = 0.8 feet/second (actual),

t = 2;§-= 3.5 seconds.

.

Knowing the value of t, the average absolute displayed image rate, B
is most simply determined by dividing the total display vertical angle,
Bv by time, t. .

- B B .
Thus, Bv= t—v ='§.—§ - ) . (21)

Finally, the expression for Constant Altitude relative target/back-
ground average displayed rates . (produced by movement parallax) can be obw
tained by dividing the total relative displayed angle, Dy, for each target
condition - see equation (11) - by the above computed time interval,

. DV ‘DV
Thus, DV = t—'= N (22)

2.4 DISCUSSION OF SPECIAL MOVﬁMENT PARALLAX RELATIONSHIPS. Certain effects
of special interest were noted in the course of the foregoing analyses.
Although previously discussed in the context of a particular geometrical
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approach, those telationships which have more general application are sum-

marized below. They are: 1) altitude/depression angle/slant range effects,
and 2) sensor FOV effects. .

.2.4.1 Altitude/Depression An le/Slant Range Effects. Equations (1) and
(3) for the DA and Equations™ (5) and (7) for the Caa geometries show that
percent target displacement, d, relative to the sensor FOV, is inversely
Proportional to slant range,. R. ‘This would indicate that if the minimum
value of R were doubled,.the values of 4(%) would decrease by one-half.
This is true under the specific conditions of this test, in which dive
angle, 6, is constant. In this case, target heights, h, and/or target-
to-background separation, D, are related to’target-to-background pProjected
¢lant distance, £, by a trigonometric function involving 6. Here, image
displacements are related to the projected slant distances, £, and the
slant ranges, R. However, Figure 41 shows that for a fixed altitude, H,
the slant range, R, and thus the dive- angle,. 8, can vary over wide limits
while the ratio of %/R remains constant. With a constant %/R ratio,
image displacement, d, or d(%), remains constant. This relationship
applies not only to the CaA geometries but also to the DA cases. 1In
other words, although sldnt randge may be treated as the critical parameter
for a given dive angle, in the general case the parameter is altitude.

In summary, the image displacements resulting from movement parallax
vary inversely with sensor altitude and are not significantly affected

by dive angle and slant range changes over a relatively wide range of
geometries. .

2.4.2 Ssensor FOV Effects. In the same series of equations the sensor FOV
term, =, appears both in the numerator and the denominator of the sensor

LOS percent displacement equations and is therefore cancelled out. This
eliminates sensor FOV as a significant variable. That is, although the dis-
Placement of the target LOS relative to the background is larger in absolute
terms with increases in FOV, the total angular image shifts seen on the TV
display remain essentially unchanged. Therefore, if the dimensionality of
the target source material is to be determined by displayed movement paral-
lax cues, FOV changes would not affect the results.

An exception to this exists in some cases involving complex, extended
targets. 1If the wider FoOV encompasses new target areas having additional
prominent features (e.g., taller structures or greater terrain elevations),
. then the increased area can considerably affect the perception of dimension-
‘ality.
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General Relationship Between Slant Ranges and Projected
Target LOS Slant Distances to Terrain

3. IMAGE DISPLACEMENT AND RATE CALCULATIONS )

Image displacements and image rates experienced in the DA and CAA :
tests are discussed below.

3.1 IDENTIFICATION AND MEASUREMENT OF CRITICAL TARGET ELEMENTS. This sec=~
! ) tion describes the procedures used to identify the critical target elements
) associated with each of the DA 'and CAA runs and to translate this data into

measurements suitable for use in the previously derived image displacement
; equations.

o Wp n na e e aa s s W

3.1.1 Dive Approach Tests. Appendix D, Section 3 describes the generai. "3
configuration and sizes of representative elements within the five target -
areas used in these tests. Because of the difficulty in perceiving, movement ’
‘ parallax with these targets, few critical elements were identified with any :
. degree of consistency by the subjects. However, through familiarity with !
the critical terminal phases of each target run, the investigators were able
to identify the particular elements which exhibited the largest movement

parallax effects. Subject comments were of course taken into account and

i
; were assigned a relatively heavy weighting. In addition to identifying the gﬁ
‘ particular critical element in each displayed target area, its final verti- Y
‘ §
f (
4 |
? .
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cal and horizontal location relative to the center of the‘display (the
sensor aim point) was also marked on a serarate. photograph of each target
area. -

These measurements provided the ratios SPHD/SHD and SPVD/SVD used to
compute actual horizontal and vertical image displacements as discussed in
paragraph 2.3.2 of this appendix.

The final target image position within the viewed field determined the
actual percent relative image shift compared to thé maximum possible shift
which occurs if the target element is at the edge of the viewed area at the
end of the run. ' :

Table 9 lists the critical target elements in each area and summarizes the
displacement factor values for the Dive Approach displayed imagery.

TABLE 9. CRITICAL DISPLAYED TARGET IMAGE MEASUREMENTS - DIVE APPROACH

Tape Target Critical Target Displ. from Center of Display

Horizontal Vertical

Run No. Area Element L/R | So /S u/b | s S
) >PHD/ °HD pvp/Syp

6 Airport Quonset hut doorway R 1.0 U 1.0

Truss Bridge|Far top bridge railing| R 1.0 U 1.0

15 Industrial’ |Building roof - L 0.9 " u 0.6

Area d .
10 POL Facility|Top of left spherical L’ 1.0 .U 0.75
tank )
9 Mt. Storage | Top of tank L 0.8 "u 0.8
Facility

Having identified the critical target element for each run, individual
annotated photcgraphs of the target areas were used to determine the height
of each critical target element. Actuaily, the true critical dimensions in
these cases were the projected slant distances from the target elements to
their backgrounds (see the analyses in Paragraph 2). Table 10 provides a
summary of these measurements (actual and simulated values) .

3.1.2 cConstant Altitude Approach Tests. The seven target areas used in

this test series are described in Appendix D, Paragraph 4. Although responses
to dimensionality clues in this series of tests were superior to those in

.the DA tests, there was still very little consistency among the subjects
conce~ning the particular target elements which enabled them to detect move-
ment parallax along some of the flight paths. 1In the Mountain Top, the Air-
port, and to a lessexr extent the POL areas, the target elements responsible
for the perception of dimensionality were consistently identified by the
subjects. In the remaining four areas, the critical target elements were
determined in a way similar to-.that used in the DA case.

i
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TABLE 10. HEIGHTS OF CRITICAL TARGET ELEMENTS - DIVE APPROACH

NAVTRAEQUIPCEN 70-C-0238-1

1

H

Target Area,

Target Heights Above Terrain

Actual (inches)

Simulated (feet)

Airport

Truss Bridga

POL Facility

Industrial Area

Mt. Storage Facility

1.25
2.0

1.25
2.25
1.25

26
42

26 -

47

26

Table 11 lists the selected target areas and includes the measurements

(actual and simulated) required for subsequent image displacement calcula-

tions.

TABLE 1l. CRITICAL TARGET ELEMENT MEASUREMENTS - CONSTANT ALTITUDE APPROACH

»

ety

..__'Lirse_t_( surements ;
Target| Target | Critical Target Target Height Target to Background %
Area Area Element Separation(2) {
No. ' Actual | Simul. |Actual Simul. i
(inches)] (feet) (inches) | (feet - '
1 Airport |Roof of Operations 2.0 42 ;
- Building {
"2 |Harbor |Highway bridge 0.75| 16 :
Area over railroad !
tracks . "
3 General |Trees on north 1.75 36 }
Terrain |bank of lake .
4 Truss Far, top bridge 2.0 42 t
Bridge railing’

5 Mountain Mountain peak 16.0 330 %
Top (to first ;
pPlateau) {

6 POL Top of nearer 2.0 42
Facility | cylindrical tank 5
(to rear tank) :
§
7 Mountain | Roof peak of far 1.5 31 ;
Storage - | shed s
Facility 4
H
Notes: (1) For flat terrain background {5

(2)

For vertical background
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3.2 MOVEMENT PARALLAX CALCULATIONS. This section includes a complete set
of calculated image displacement data plus representative data on displayed
image rates resulting from the simulated dynamic flight conditions. -

3.2.1 1Image Displacement Calculations. This section summarizes the move-
ment parallax calculations based on the DA and CAA geometvic relationships
derived in Paragraph 2.1 and on the target measurements discussed in Paragrapn
3.1. Tabulated relative target/background displacement values are given in
terms of percent sensor FOV, d, and in terms of displayed angular shifts, D.
Also, plots of these displacements for each target area are included.

3.2.1.1 pive Approach Disglacément Calculations. Depending on th: sensor

‘aim point, the maximum movement parallax potentially available from a given

target configuration might not be attained in both the horizontal and verti-
cal directions on a given dive approach. Therefore, the procedure used in
calculating displacements was to first calculate the maximum persent sensor
FOV values, dy and dy based on equations {2) and (4). Then these values

and the target heights given in Table 10 were multiplied by the corresponding

displacement factors given in Table 9 to obtain the actual percent image

displacements, dy(a) 2nd dy a) "~ See equations (16) and {17). The resulting
values are shown in Table lé. )

TABLE 12, PERCENT TARGET -IMAGE DISPLACEMENTS RELATIVE TO SENSOR FOV -
DIVE APPROACH

] Horiz. Displ (% FOV) | Vert. Displ (% FOV)
Target Area Max. % Actual % Max. % Actual §
dy d4(a) dg 4 (a)

Airport 1.7 1.7 1.7 1.7
Truss Bridg- 2.8 2.8 2.8 2.8
Industrial Area 1.7 1.8 1.7 1.0
POL Facility 3.1 3.1 3.1 2.3
Mountain ftorage Facility 1.7 1.4 1.7 1.4

Figure 42 shows values of obtained movement parallax (percent horizontal
and vertical displacements) plotted as a function of target height. This
provides a means of estimating the magnitude of the cues which can be de-
rived from a given amount of vertical development.

Motion parallax effects are dependent. on the position of the target
image relative to the center of the FCV, with the maximum effect occurring
at the edge of the FOV. To provide a uniform basis for comparing the mag-
‘nitude of this effect available from each target, the actual target heights -
measured directly on the terrain model - are multiplied by their displace-
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ment factors (paragraph 2.3.2). This «ntermines the target heignt requirea
to produce an equivalent degree of motion parallax at maximum image dis-—
Placehent -~ the selected reference condition.

Displayed image angular displacement values were computed using equations
(13) and (15). Table 13 lists these values and Figure 43 presents the same

data in bar graph form. These calculations ave based on the 20 inch 'viewing
distance conmon to the DA and CAA test series. - .

TABLE 13. DISPLAYED IMAGE ANGULAR DISPLACEMENT - DIVE APPROACH

ﬁisplayed Displacements
Target Area (arc minutes)

Oy Dy j

Airport Area 17.8 13.4 §

Truss Bridge 29.3° 22.1 :
Industrial Area ’ 16.7 7.9 E

POL Facility 32.4 28.2 ‘

) Mountain Storage Facility 14.6 11.0 1

3.2.1.2 Constant Altitude Displacement Calculations. The percent dis-

placement values for theose runs were computed using equations (6) and (8) ;
as appropriate, and the target measurements given in Table 11. These per- i
"cent displacement values are listed in Table 14 below for the seven target i
areas and *he four sensor altitude conditions. ) |

TABLE 14. PERCENT IMAGE DISPLACEMENTS RELATIVE TO SENSOR FOV -
CONSTANT ALTITUDE APPROACH

{
1
Vertical Displacement, 4, (v Fov) f
T:;g:t Tzigit Altitude (feet) - !
Ne - fite Actual/Simul Actual/Simul | Actual/Simul | Actual/5imul
0. 20/5,000 10/2,500 6/1,500 3/750 [
I
1 Airport 0.8 1.7 . 2.8 5.6
Harbor Area 0.2 0.6 . 1.0 2.1
3 General 0.7 1.5 2.4 4.9
Terrain ) -
4 Truss Bridge 0.8 1.7 2.8 5.6
5 Mountain Top 6.7 13.4 22.2 44.5
6 POL Facilit$' 0.5 0.9 1.6 3.2
7 Mountain 0.6 1.3 - 2.1 4.2
Storage -
Facility

(1) Dbisplacement based on vertical background
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The same data as above are plotted in Figures 44 and 45 as a function
of target height and target-to-background separation, respectively.

¥ L L)  §  § 4  § T  § L
Conditions
* 30 v oS depression angle
i o * TV FOV adjusted to provide equal ]
lateral coverage at all altitudes
- -
s sof 7
o
£
g .
2 .
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< 2-: Target Identification
s e .81 = Airport
: 10k s o #2 ~ Hatbor Area -4
H oo .
g o -3 3 - General Terrain
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- s #5 - Mountain -
o H] H ] #6 - POL Facility (See Figure 45)
..z. [ ] 07 - Mt. Storage Facility
s 1 ) .
© 1 .
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z 1
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£ ' 2
¥ | ol - ~
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e i &
1 1
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2.08 10.4 20.8 104 208 33

Tazget Height (Feet) - Simulated

Figure 44, Percent Target Image Longitudinal Displacement versus Target
Height for Different Altitudes - Constant Altitude Approaches -
Flat Terrain Background Case

Displaved-imaée angular displacements were computed using equation (11).
Table 15 lists the resulting values for the seven targets and four sensor
altitude conditions.

Figure 46 presents this same data in bar graph form.

3.2.2 Displayed Image Rate Calculations. Paragraph 2.3.3 describes two
general categories of displayed image angular rates; viz., absolute and
relative. Within the absolute ratc category, there are two types of rates
identified, based on whether the dynamic display imagery is generated by a

DA or a CAA trajectory. The Dive Approach produces radial image expansion
at an increasing rate, and the Constant‘\Altitude Approach geometry produces
a general downward movement of the image. Superimposed on these absolute
rates is a relative rate generated by 3-D target/background motion-parallax
effects. Again, these relative rates differ between the DA and CAA tests.
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Conditions
L]

30° TV LOS Depression Angle -

TV FOV adjusted to provide equal lateral
coveraga at all alcitudes
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S0

Target Identificatinn
#6 -~ POL Facility
20 ®
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Target Image Longitudinal Displacements, d, (Percent)

0.1 (1 1 2 1 1 ] 1 i
0.1 0.2 0.5 1 2 S 10 20 s0 100 1000
Target-to-Background Separation (Inches)
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. 2.08 10.4 20.8 41.6 104 208

Target-to-3ackground Separation (Peet) - Simulated

Figure 45. Percent Target Image Longitudinal Displacement versus Target-
to-Vertical Background Separation for Different Altitudes - Constant
Altitude Approaches - Vertical Background Case

TABLE 15. DISPLAYED IMAGE ANGULAR DISPLACEMENTS -~ CONSTANT ALTITUDRE

APDPROACH
Vertical Displacement, Dy, (arc minutes)
Target| Target —AICITOAE (YEEr)
Area Area Actual/simul | Actual/Simul |Actual/Simul | Actual/Sisul
No. 20/5,000 10/2,500 6/1,500 3/750
Airport 6.6 13.2 22,0 44.0
2 Harbor Area 2.5 5.0 8.2 16.5
’ General 5.8 11.6 19.2 38.4
Terrain
4 Truss Bridge 6.6 13.2 22.0 44.0
5 Mountain 53.0 106.0 175.0 350.C
{1) .
POL Pacility 3.8 7.6 12,7 25.4
7 Mountain 5.0 10.0 16.5 33.0
Storage
Pacility

Note: (1) Displacement based on vertical background
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The following sections include rate calculations based on typical test
conditions. Detailed calculations were not performed since the behavioral

analyses showed that velocity was not a significant‘factor in the perception
of image dimensionality. )

3.2.2.1 Dive Approach Rate Calculations. As previously noted, the maximum
rate effects in the DA tests occur at the end of the run. Fquation (19)
was used to obtain a good approximation of the absolute :adial image rate

at the edges of the display under the following experimental conditions-
(also refer to Figure 39).

v

]

650 feet/second (simulated) - Approach velocity

ot 0,5 second - Time before end of run )

Ryin = 1500 feet (simulated) - Final slant range
AR = V.t = 325 feet (simulated) - Final. range increment

R} = Bpin *+ 4R = 1,825 feet (simulated) - Range at 0.5 second prior
to end of run

R
]

P 6 degrees’
105 mr. - Sensor horizontal FoV

o

From Paragraph Z.3.3.1 analysis:

o = or Bnin _ 105 . 1,500 _ 43 me
PT T2 0 TR 2. 1,825 .

From Equation (19), the absolute displayed horizontal rate is:

5 - 3 (“T-z"‘p)= 3 (105 - 86,
- DH = 2 t. Z 0.5 -

= 357 mg/second

=

3.2 degrees/sec.

The corresponding vertical rate equals the horizontal rate multiplied
by the display aspect ratio of 3 to 4; therefore:

é « 57 = 42 mr/second

1
»jw

DV

e

2.4 degrees/secdﬁd
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A typical relative displayed image fate, 6, also experienced during
the final half-second of the DA run, was calculated using equation (20)
together with the following experimental conditions (see paragraph 2.3.3.1):

t = 0.5 second
R . = 1,500 feet (simulated)
min
Dmin = 29.3 arc minutes (calculated displafed angular displacement
for the Truss Bridge target - see Table 13)
V = 650 feet/second (simulated)

From Paragraph 2.3.3.1 analysis:

Therefore, R =¢ . V + R .
c min

325 + 1,500 = 1,825 feet.
From equation (20), the relative displayed horizontal image rate is:

Rmin 1,500
oo Dmin (1 - jz;-) ) 29.3 (1 - 1,825)
H . \ 0.5

% 10.5 arc minutes/second

In similar fashion, the coriesponding vertical rate was calculated as:

DV & 8 arc minutes/second

By picking range increments further away from the final minimum range,
corresponding image rates were calculated to demonstrate the increasing rate
effect as the end of the run is approached. These rates are summarized in
Table 16.

£

3.2.2.2 Constant Altitude Rate Calculations. The average absolute rate
for this test condition was calculated by using Equation (21).

Here, B

v = 13:2 degrees (subtended total vertical display angle -
20 inch viewing distance)

230 mr

and t

3.5 seconds (time required for top to bottom movement of
displayed image)

~ .
Pl

stn
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DIVE APPROACH

Time Prior to

Simulated Displayed Image
End of Run Slant Range Rates (arc min/second)
(seconds) (feet) Horizontal Vertical
0.0 1,500 1055 8.0
" 0.5 1,825 7.2 5.5
1.0 2,150 5.3 4.0

RELATIVE DISPLAYED IMAGE RATES DURING TERMINAL PHASE OF RUN -

From Equation (21), the average vertical rate is:

P e e o,
. \'/ 230 .

- = £ . 6
8 s 35 6 mr/second

i

3.8 degrees/second

It will be noted that this rate is quite similar to the corresponding
DA rate previously calculated.

A relative displayed image rate was calculated using Equation (22).
Here, as in the DA case, the Truss Bridge target displacements (vertical
direction) were used as representative values for these tests (see Table 14).

From Equation (22) the relative displayed vertical rates are:

Slant Range/Altitude(feet) | 10,000/5,000

5,000/2,500 | 3,000/1,500 | 1,500/750

D . Relative Rates

(axrc min/sec) 1.9 3.8‘ 6.3 12.6

3.3 TARGET PERSPECTIVE CHANGE CALCULATIONS. As discussed in Paragraph 2.2,
perspective changes were not significant clues to displayed image dimension-
ality, being overshadowed by movement parallax effects. The following cal-
culations were performed in order to compare the magnitude of perspective
change during a CAA run* with the calculated movement parallax change

experienced with the same target(s). The Truss Bridge and the Airport tar-
gets were selected, since they both exhibited higher than average levels of
movement parallax at the lower altitudes (and consequently should have gene-
rated higher than average perspective changes). The heights, h, of the
identified critical elements in both cases were two inches above the terrain
(approxima*ely 40 foot simulated heights).

o e o e At YA

% The largesé movement parallax effect should be produced with the CAA run

geometry.
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Equation (5) in Paragrach 2.2 was used to compute the

change, P, relative to the sensor vertical Fov. The follow
were defined:

percent perspective
ing conditions

]

Target height, h = 2 inches (42 feet simulated)

® Sensor depression angle, 0 = 30 degrees

® Sensor vertical Fov, "oy = 13 degrees (Note: This FOV value was'

; selected but the absolute
. value of FOV is not critical
- to the calculation.)

Slant range, R = 6 feet (1,500 feet simulated) « Note: This min-

imum range was picked to

produce maximum perspective
change.

From Equation (9),

_ o
h((cost - -%‘—’-) -- {cosH + ;‘F—!))

p(%)

R a x 100
* "FV (radians)

= 2({Cos 30° - 6.5°) -~ (Cos 30° + 6:5%) » 100
6 x 12 x 0.23

~
=

1.4 percent

To compare the magnitude of this perspective change with the degree of
change due to movement parallax, the value of p(%) was evaluated against the
percent image displacements, dy, produced by the same targets at the same
simulated slant range and altitude. This latter data can be obtained from
Figure 44. A value of approximately 5.5 percent displacement corresponds
to the 750 foot altitude line. This is nearly four times as great as the
perspective shift value. Therefore, these calculations support the conten-

tion that motion parallax was the most important clue to the dimensionality
of the displayed image source. ’ g
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APPENDIX H
SUBJECT INSTRUCTIONS

Subject instructions for both tests were prerecorded on audio tape and
then presented to the subjects on an individual basis. The transcripts of
the instructions are 'presented in this section.

l. DIVE APPROACH INSTRUCTIONS

On the TV monitor you will be presented a series of tape sequences.
These sequences will simulate a view from a TV camera which would be mounted
on the nose of an aircraft or a missile as it dives toward a target. There
are five different target areas ranging from an oil dump or POL facility
located in the desert to a built-up industrial area. There are two rates
of closure, that is, the velocity at which you approach the target may sim-
ulate either 440 or 750 miles an hour. Each individual target area may-
vary in several respects. For example, one time the area may be shown under
cloudy conditions, another time under sunny conditions. Also, as stated
before, the speed with which you approach the target may be one of two rates.
There is only one essential major difference, however, in the manner of
presentation of these targets, and that difference is dimensionality. Each
target will be presented either as a 2-dimensional target or a 3-dimensional
target. For the 3-dimensional case, the target you will be viewing will be
a display of an actuzl 3-dimensional target area. In actuality, you will
‘be viewing the 250-to-1 scale model of the terrain and manmade objects which
are located on that terrain. As you dive toward the target, the images dis-
played will behave exactly as they would in real life. The principle of
motion parallax, which will be explained below, will make it possible to
see the objects move with relationship to each other.

For the 2-dimensional case, the image displayed during the dive will
be identical to. a photograph or a 2-dimensional image. In this instance,
the relationships of all objects would not change as you get closer.

The quality of each presentation is not a clue to its dimensionality.
For example, some sequences were filmed under low light levels, and the

images are of poor quallty for both the 3~dimensional and 2-dimensional
presentations.

Now, determination of whether a sequence is 2-D or 3-D, that is, deter-
mination of depth, involves a single essential clue, motion parallax. If
you as an observer fixate on an object that is moving, the differential an-
gular velocity exists between the lines of sight to the fixated moving
object and some other stationary or moving objects. For example, when we
look out a car window, nearer objects move across our field of vision more
rapidly than objects that are farther away. For example, telephone poles
move past quickly,while houses move slowly or seem not to move at all in
the distance. This principle of motion parallax then enables us to distin-
guish actual depth in a 3-dimensional world. If, in our case, we approach
an area or dive on a target, the nearer objects will move at a different
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rate than objects farther away. If then, we watch the relationship between
objects that are at different distances from our eye, we will see differ-
ences in relative movement which will result in the objects assuming dif-
ferent positions relative to each other as we get closer to them. If, on
the other hand, we view a 2-dimensional display, for example, like a photo-
graph, the relative positions of the viewed objects cannot change because
they are fixed in that photograph or image plane.

Now, your task then is to view a series of TV tapes ahd attempt to
determine which of these are 3-D and which are 2-D. Each run will vary
from 8 to 14 seconds depending on the Velocity. During the trial run, if
you are able to determine that the image being presented to you is a 3-D
image, then at the instant you determine that it is a 3-D, say "3-D" into
the microphone that you are holding, and when you say this, please enunciate
clearly. Again, if you think it is 3-D, as soon as you determine this say
"3-D." 1If, on the other hand, you determine that the image is 2-dimensional,
then report "2-p" at the time you decide. If you cannot tell whether it is
2-D or 3-D, then state "don't know." After each run, you will havs a 10-
second break. furing this time period, you may'also state your decisicn if
you haven't during the run. For example, if you watch the total run and
are uncertain as to the dimensionality, then during that 10-second break
you would state "don't know" or you may evaluate the run and decide "3-D"
or "2-D" after its completion. The object is to try and distinguish the
dimensionality at the earliest possible time. So, if you do make a deci-
sion, state it, immediately and clearly into the microphone.

You will have a series of 44 trials with a rest period of 5 minutes
half way in between. After the trials are completed, you will be asked for
your subjective comments about the test. To start, youa will be given four
practice runs, two will be 2-D and two will bé 3-D. They are of a single
area showing a large suspension bridge and an industrial area. The image
quality will differ because of the 'lighting conditions and, again, you are
warned that this is not a clue to dimensionality. There are several objects
in the view that will offer you clues as to its dimensionality. For example,
the relationship between the bridge tower and the car on the bridge roadway
at the upper left of the picture you will see will change as you get closer
to it. Another area is between the vertical walls of the buildings with
the relationship to the sidewalks and the streets. Again, four practice
trials will be given. If you have any cuestions, please ask them. After
the practice trials, the actual triale will begin. During the practice
trials, the test conductor will pcint out areas on the display where the
cues to dimensionality may be seen or not seen. After you have viewed the
four' practice trials, the practice trials will be repeated and you will have
an opportunity to give your answer into the microphone before proceeding
ahead to the actual runs.

One final point: If you view the runs completely and have made a de-
cision or have not been able to make a decision, you may, during this
period either change your mind or make your decision during the interval.
For example, if you thought it was 2-D during the run, and then at the end
you change your mind, you have the option of doing this one time. If you
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said it was 2-D, then at the end, change your mind and say "3-D" during
this interval. Now, are there are any questions?

2. CONSTANT ALTITUDE APPROACH INSTRUCTIONS .

On the TV monitor, you will be presented a series of tape sequences. -
These sequences will simulate the view from a TV camera mounted on an air-
craft as the aircraft flies over various terrain areas. There are five
different terrain areas ranging from flat, almost featureless landscape with
few manmade objects, to mountainous terrain with rapidly varying heights
and topographical features. Some of the areas will also contain numerous
manmade objects, such as an airport, industrial area, bridges and storage
facilities. You will fl:° over the terrain at a simulated velocity of 200
feet per second, which is 138 miles an hour, and at one of four different
simulated altitudes: 5,000, 2,500, 1,200 and 600 feet.

- A few of the trials will be presented at a simulated velocity of 400
feet per second, or 276 miles an hour. The scenes that will be presented
to you will be either 3-dimensionally based, that is, all the features are
physical objects similar to those in the real world, or the scenes will be
of a 2-dimensionally based nature; that is, they will be the same as viewing

a phaotograph: The quality of the picture you will see will be identical
whether it is 3-D or 2-D. )

. Your task will be to determine whether the scene is 2-dimensicnally
based or 3-dimensionally based and report this to the test conductor.
Again, for the 3-D case, the target you will be viewing will be a display
of an actual 3-D target area. In-actuality, you will be viewing a 250-to-1
scale model of the terrain and manmade objects. As you fly over the dif~
ferent objects and general terrain features, the images displayed will be-
have exactly as they would in real lifé. The principles of motion parallax
and other principles, such as perspective change which will be explained
below, will make it possible to see objects move in relation to their back-
grounds, or to change shape as the angle that you are viewing them changes
as you fly over them. For the 2-D case, the image displayed during the
flight will be identical to a photograph or 2-D image. 1In this instance,
the relationship of all objects would not change as you got closer or change
your viewing angle. Now, the determipation of whether a sequence is a 2-D
or a 3-D, that is, determination of depth, involves several cues.

One of the most important of these is motion parallax. If you, as an
observer, fixate on an object that is moving, a differential angular velo-
city exists between the lines of sight to the fixated moving object and
some other stationary or moving object, For example: when we look o%t the
car window, nearer objects appear to move across our field of vision much
more rapidly than objects that are farther away. For example, telephone
poles race past while a house in the distance appears to move more slowly
or not at all. frhis principle of motion parallax enables us to distinguish
actual depth in a 3-dimensional world. If in our case we approach an area,
the nearer objects will move at a different rate than objects farther away.
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If then we watch the relationship between objects that are at different dis-
tances from our eye, we will see differences in relative movement which will
result in the objects assuming different positions relative to each other

as we get closer. If, on the other hand, we view a 2-D display, for example,
like a photoaraph, the relative positions of the viewed objects cannct change
because they are fixed in that photo or image plane. One other orinciple
which will enable you to distinguish between 2-D and 3-D is that of pers-
pective change. As you approach an object in a tangential manner, that is,
not directly at it, but flying over it as in the case we have here, its
shape or perspective as you view it will appear to change. For example,

the vertical height of a building will decrease as you get clocer to it.
That is, the apparent height will decrease as you view it, and this change
in height is another essential clue which aids in distinguishing depth.

In the 2-D case, the building could not chahge its apparent height
since it is fixed at the perspective angle in which the photo was taken.
Again, your task is to view-a series of tapes and attempt to determine which
of these are 3-D and which are 2-D. At the end of each trial, you will have
a 10-second interval to respond. Wait until you have viewed the complete
trial before responding. Then, either say, "2-p" or "3-D." If you cannot
determine what the dimensionality is, the: respond by saying, "don't know"
during this blank interval. Each answer, that is, "2-p," "3-D," and "don't
know," all have equal weight, so don't try to guess. We are interested in
the perception of images as generated by either a 3-D or 2-D terrain model
simulator. We are not interested in the individual performances of the
subjects, except as these responses are used to tell us something about the
different techniques of 'simulation. You will have a series of 37 trials,
and will have a rest period of five minutes after the 23rd trial. To start,
you will be given practice runs which will demonstrate the principles that
we. have been discussing. These will point out to you the features that we
have been talking about. You may ask any questions now, or at that time.
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1avestigated the perception of motion-dependent cues
. to dimensionality derived from simulated horizontal
flight at various altitudes. Again, the stimulus
materials used were video recordings of selected
target runs made on the GDC terrain model.

The results show that movement parallax normally
provides useful depth cues only at very close ranges,
both Zor constant dive angle and constant altitude
approach geometries. This finding has significant
mmplications for the design of visual simulation
equipment to be used for training. Thus, for prob-
lems which require simulation of TV navigation
and/or targeting imagery, serious consideration
should be given to the use of relatively inexpensive

2-D storage devices for altitudes in excess of 750
feet,
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