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Stereomodel Acgquisition Geometry
by
Joel Malcolm Cain
Abstract

The uéc of digital images recorded by imaging systems has
become very widespread in recent years. These systems are
capable of being remotely pointed and provide convergent and
variable geometry stereopairs. It is essential that photogram-
metrists be able to fuse the stereomodels provided by these sys-
tems. In this research stereomodel acquisition geometry is ana-
lyzed, the relationship between stereomodel geometric parame-
ters and stereoscopic fusion is established, and a criterion for
collection of fusible models is tested. Extensive qualitative
experiments were conducted using synthetic non-rectified and
reétified images derived from a real terrain scene to test geomet-
ric acquisition parameters in terms of stereomodel fusibility.
One hundred and twenty-eight stereomodels representing a wide
variety of acquisition geometries were used in the experiments.
Additionally, an experiment was conducted to analyze the rela-
tionship between vertical scale exaggeration. and stereomodel
geometric acquisition parameters. Participating in the experi-
ments were 118 evaluators, 107 of them from government agen-
cies that use stereomodels in a variety of production activities.

As a result of this research, a more general theory of stereo-
model geometry to describe models with convergent and variable
geometries has been developed. Two new stereomodel geometric

parameters which relate to stereo fusion are defined and applied



to developing a criterion for stereoscopic fusibility. The exper-
iments demonstrate conclusively that there is a strong correla-
tion between stereomodel geometry and stereoscopic fusion' and
perceived vertical scale exaggeration. The experiments also
prove that a simple algorithm can be used for the acquisition 'of
fusible stereomodels. Rectification is shown to significantly
improve stereo fusion and increase vertical exaggeration to pro-

vide more precise measurement of heights.
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CHAPTER 1

INTRODUCTION

T fthis R rch

For 6vcr half a century photogrammetry has been used to pro-
duce three-dimensional (3-D) data via stereo compilation for
determining elevations and making maps. To compile 3-D data
the photogrammetrist must be able to view a stereomodel. The —
first and most important step in accomplishing this task is to be
able to fuse the pair of images that form the stereomodel.
Stereoscopic fusibility is dependent upon the geometry created
by the camera positions used to take the stereopair and the
ground being imaged. The purpose of this research is to estab-
lish the mathematical relationship between stereomodel geometry
and stereoscopic fusion.

To ensure stereoscopic fusion, photogrammetrists have
designed camera systems and imagery collection strategies
which have resulted in fixed geometric relationships. Preferred
is a geometric relationship where the flight path between the
two camera stations lies in the plane perpendicular to the datum
plane for the ground being imaged. In other words the flight
line passes directly above the target. Another constraint is that
the air base between the camera stations be equally spaced to
maintain symmetry relative to the center of the stereomodel. To
achieve these relationships, cameras in aircraft and satellites
are generally configured either pointing directly downward

(normal or vertical configuration) or pointing fore and aft



(convergent configuration). The amount of desired overlap of
the images needed to form the stereomodel is controlled by
establishing fixed air base distances between camera stations
along the flight path. A series of images along a flight path
providc.s a strip of stereomodels. Adjacent overlapping strips
of images are used to form blocks of stereopairs.

Using fixed geometries in satellites to collect stereoscopic
imagery causes some problems. First, the satellite in orbit
about a rotating earth traces flight paths on the earth's surface
that do not yield overlapping images between sequential orbits,
and also result in significant time lapses before overlapping
strips of imagery are acquired. These time delays result in
adjacent images being acquired under significantly differént
weather, seasonal and lighting conditions, thus making mapping
an area more difficult. Also, opportunities to image cloud-free
areas not directly below or near the flight path cannot be
exploited. In addition, tirﬁc-sensitive imaging requirements,
such as mapping flooded areas or crop extent cannot be fully
exploited. To enhance imaging opportunities, satellite systems
can be designed with pointing capabilities which allow for
imaging off or to the side of the flight path; for example, the
Systeme Probatoire d'Observation de la Terre (SPOT) provides
this capability.

When the cameras are not pointed directly downward or in the
direction of the flight path, the epipolar plane formed by the
camera stations and the target is no longer perpendicular to the

datum plane. The angular amount the epipolar plane departs



from perpendicular is .called the roll angle. To take full advan-
tage of imaging opportunities, the midpoint of the air base
between camera stations may be allowed to vary in relation to
the target, forming a stereomodel with asymmetric geometry.

As a co‘nscquence, pointing camera systems provide a variety of
stereomodel geometries. To ensure stereoscopically fusible
images in a variable stereomodel geometric environment, a pho-
togrammetrist needs to develop imagery collection criteria which
establish the relationship between the stereomodel’'s acquisition
geometry and stereoscopic fusion. The purpose of this research

is to develop that relationship.

R h Obij .

The specific objectives of this research are to:

* Analyze stereomodel acquisition geometry.

» Determine how stereomodel geometric parameters relate to
stereoscopic fusion.

* Propose a criterion for stereoscopic fusion based on a set
of defined geometric parameters.

+ Design and conduct experiments to test the criterion.

» Conduct experiments to determine if rectification improves
stereo fusibility.

* Analyze and report on the results of the experiments.

In addition to the above research objectives, I was asked by
the Defense Mapping Agency (DMA) to design a control set of
images to evaluate the relationship of stereomodel geometry to

vertical scale exaggeration in the stereomodel. Although there



is currently no generally accepted equation for vertical exag-
geration for fixed geometry stereomodels, it was suggested by
DMA that the variable geometry criterion proposed in this dis-
sertation might yield additional insight into the phenomenon of
vcrtical.cxaggcration and provide a general equation for vertical

exaggeration.

i r i rganization

The preferred imagery criteria needed by photogrammetrists
to map large areas of the earth's surface are reviewed in Chap-
ter 2. This chapter also contains a discussion of the technology
changes which establish the need for a set of variable geometry
stereomodel acquisition parameters.

The geometry of stereoscopic vision is described in Chapter
3. Definitions for conventional and variable imagery acquisi-
tion geometry parameters are provided, including a new param-
eter called the bisector elevation angle. A development of the
mathematical relationships between the bisector elevation angle
and other variable geometry stereomodel acquisition parameters
as well as a brief description of rectification are also contained
in this chapter.

A summary of the stereo fusion experiments done by the
Defense Mapping Agency in 1981 is provided in Chapter 4.
Also developed in this chapter are criteria for stereo fusion
based on a simple relationship between the bisector elevation
angle and convergence, and the hypothesis to be tested by

experimentation.



Chapter 5 contains details on the design of the experiments
used to support this research, describing the approach and data
sources used, how the three types of synthetic images (unrecti-
fied, rectified, and plate) used in the experiments were gener-
ated, thé structure of the stereogram cards used for evaluating
variable geometries, and the selection of images included on the
cards. This chapter also describes the preparation of the three
part evaluation booklet used in the experiments, how the
imagery evaluators were selected, and how the experiments were
conducted.

The results of the experiments to establish a criterion for
stereoscopic fusion are analyzed in Chapter 6. The three parts
of the experiments are discussed separately. Comparisons are
made between the stereo fusion quality for unrectified and rec-
tified imagery to demonstrate the improvements obtainable
through rectification. The data acquired from the plate imagery
experiment is analyzed and conclusions are provided on the
relationship of the variable geometry parameters developed in
this dissertation to vertical scale exaggeration.

Chapter 7 contains a summary of the conclusions reached by

this research and recommendations for further research.

Research Approach

The experimental approaches used to address the objectives
of the research require some explanation. Two broad categories
of experimental approaches were available: a subjective assess-

ment of stereoscopic fusion; and an empirical, task oriented



analysis of stcrcoscop.ic fusion. The preferred method is the
empirical approach, where a stereomodel’s fusion rating would
be derived from measurements of data supplied by evaluators
performing some photogrammetric tasks such as contouring,
plotting features or measuring the heights of objects. To con-
duct such an experiment would have required an extraordinary
amount of resources and would have had a major impact on the
agencies participating in the experiments. The analytical stereo-
plotter experiments described in Chapter 4 required three
months of dedicated effort from each of the three photogramme-
trists. These experiments along with the subjective viewing rat-
ing did demonstrate that a high correlation exists between
imagery user's prcfcrcncé and user's performance, when experi-
enced evaluators rate stereo fusion. The difference in X-values
(the evaluation parameter) in the two 1981 experiments was
attributed to the tasks being done; viewing stereomodels versus
plotting from stereomodels. It is possible that when viewing
stereomodels, evaluators may tend to rate the model higher than
actual performance using the stereomodel might indicate. In the
1981 experiments and in this dissertation such differences are
treated as dependent on the instrument and task, and naturally
required different X-values.

Throughout the process of designing the experiments a num-
ber of efforts were made towards ensuring that the subjective
ratings provided by the evaluators were consistent with the
actual performance of a task. These efforts included designing

imagery that depicted exactly the same ground area, with the



same objects and letters on all images, to reduce biases that
could result from familiarity with the terrain or the attractive-
ness of one scene relative to another. Three independent groups
geographically separated and working for different agencies
were us.cd in the experiments. The evaluators were selected
from a population whose organizations are involved in acquiring
and using stereomodels. To reduce the influence of experience,
there was no requirement for the evaluators to interpret objects
and all objects were labeled with a letter in the scene. In the
Part 1 and Part 2 sections of the experiments, the image raters
were asked to rate stereo fusibility while imagining themselves
doing their normal work task over an extended period of time
using stereopairs. Emphasized to the evaluators was that the
stereomodel not the evaluator was being rated. In addition all
evaluators were told that the results of this research would be
used to establish stereomodel acquisition algorithms to be nused
to acquire actual source imagery, in other words, your rating
will influence the quality of imagery with which you will have
to work. The consistency of experimental results suggests that
these efforts contributed to reducing biases in the experiments.
Experiment evaluations in Part 3 for stereoscopic vertical
exaggeration appear to be task oriented, requiring the evaluators
to estimate the heights of features. However in actual practice,
photogrammetrists measure heights using precise instruments

and do not estimate heights.



The results of this r‘esearch have been presented to Nationa-l
Mensuration Group of the United States Government, and the
bisector elevation angle minus convergence criterion for stereo-
scopic fusion has been accepted as the equation for acquiring
variable geometry stereomodels. This research demonstrates
that a mathematical relationship exists between stereomodel
geometry and stereoscopic fusion. The definitions and mathe-
matical relationships developed in this dissertation for asymme-
try, roll, convergence, base-height ratio and bisector elevation
angles provide a description of stereomodel acquisition geome-
try not found in the photogrammetric literature. The research
demonstrates that base-height ratio also can be mathematically
related to stereomodel geometry and stereoscopic fusion. The
experiments conducted show that rectification significantly
improves stereoscopic fusion in variable geometry stereomodels,
and provides the means to increase the acquisition of usable
stereomodels for photogrammetric applications in a digital pho-
togrammetric production environment. Additional experiments
indicate that stereomodel acquisition geometry for both rectified
and unrectified variable geometry stereomodels is directly corre-
lated to the perception of vertical exaggeration. It was also
shown quantitatively that vertical exaggeration is increased
through rectification.

Another important aspect of this research was to demonstrate
the utility of computer generated imagery in photogrammetric

analysis and research. It is also hoped that this thesis provides



an example of the care that must be taken in formulating a
hypothesis to be tested, planning and designing experiments,

and defining terms when conducting subjective experiments.
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CHAPTER 2

BACKGROUND

Imagery Criteria

Claséical methods of planning mapping, charting, and geod-
esy (MC&G) imagery collection strategies based on fixed
geometries do not fit the new evolving imaging systems. The
new systems such as the Systeme Probatoire d'Observation de la
Terre (SPOT) provide digital images with a variety of stereo-
model geometries. These new variable geometry imaging sys-
tems require a new imagery acquisition strategy based on their
capabilities. The mapping community must be able to expand its
acquisition window to achieve the maximum possible overlap
with other groups of imagery users. Imagery used for MC&G
purposes must meet the following set of criteria:

« provide stereoscopic coverage of the area being mapped
in order to determine the heights of objects and relief of the ter-
rain, and allow recognition of the three dimensional form of
objects being interpreted. Stereoscopic coverage allows the
photogrammetrist to compensate for the effects of relief when
plotting horizontal positions. Stereomodel geometry affects the
positional accuracy of objects on the ground, both horizontally
and vertically.

* be of metric quality. The term metric refers to imagery
that is acquired by a mapping camera under conditions which

permit the formation (restitution) of an accurate stereoscopic



model. The camera must be calibrated, and the position and
attitude of the camera must either be known or capable of being
derived from ground control.

* have adequate resolution. The interpreter must be able
to separ.ate and measure features required by the product speci-
fications. Imagery scale and image quality (camera performance,
film performance, illumination, cloud cover and contrast) are
factors which affect resolution.

* be fusible. Allow the photogrammetrist or interpreter
to create a three-dimensional image of the ground area in his
brain. Stereoscopic vision is affected by the viewing instru-
ment and the image-collection geometry.

* provide large contiguous ground area coverage. The
extent of area covered by a stereopair determines the number of
machine setups required, and consequently the cost and effi-
ciency of photogrammetric production of maps. Contiguous
coverage refers to strips or blocks of images without gaps.
Contiguous coverage affects the accuracy and the cost of the
photogrammetric adjustment. Coverage is determined by scale,
camera format, acquisition strategy, and clear, cloud-free
images.

In order that the imagery collected for MC&G purposes meet
the needs of the photogrammetrist, imagery acquisition must be
carefully planned with respect to the criteria described. Until
recently MC&G imaging platforms were conventional aerial cam-
era platforms generally dedicated to the mapping mission, and

were specifically designed to provide the most accurate and cost
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effective map production materials. Preferred were large format
metric cameras which collected imagery either in a "near" verti-
cal or oblique imaging mode with fixed symmetrical acquisition
geometries. Acquisition strategies were based on minimizing
tilt, acq‘uiring strips and blocks of images with predetermined
fore, aft and lateral overlaps, and imaging on cloud-free days.
The stringent requirements associated with MC&G imagery -
stercoscopic coverage, metric quality, and contiguous coverage -
make mapping imagery collection systems very expensive to pur-
chase and operate. Imagery acquired that does not meet MC&G
imagery standards is inadequate for new mapping. However,
such imagery can often be used in conjunction with MC&G
imagery as an interpretation aid, and can provide details when

tied to MC&G controlled imagery.

The Problem

Satellite photogrammctrs;, which began early in the space age,
initially mimicked conventional aerial photogrammetry. Film
based cameras with fixed geometries were initially used for
mapping purposes. New technologies, particularly charged-
coupled detector (CCD) array cameras combined with the high
cost of launching and operating satellite imaging systems, are
making some significant changes which will impact MC&G
imagery collection requirements. The most significant change
that can be expected is that the MC&G user can no longer expect

dedicated mapping acquisition systems. In the future, imaging

12
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systeins, particularly satellite systems will be multi-user sys-
tems with the photogrammetrist being one of many users. Each
group of users will have his own specific set of collection crite-
ria. Some users will not require stereo coverage, preferring
monosc;)pic imagery instead. Others will not require large area
contiguous coverage, preferring to sample many different areas
with high resclution imagery for statistical analysis. Many will
have no requirement for metric imagery. Some will desire high
aspect angles, while others will require near vertical views.
Some users will need time-sensitive imaging either in terms of a
specific time of day or rapid response to time-critical require-
ments. In addition, each user will probably have a different
exploitation environment in terms of hardware and software
capability, some being able to rectify imagery and view digital
imagery, while others will only be able to view hardcopy out-
puts of the imagery.

Technology will allow non-photographic imaging systems to
be programmed to trade off capabilities to meet either MC&G
requirements or non-MC&G user requirements. However, to get
large area coverage, the system must trade off some resclution.
Contiguous coverage puts a tremendous cost on system
resources, especially in terms of opportunities lost in meeting
multi-user requirements. Similarly, there are resource and
acquisition costs associated with maintaining a metric system.
Sensor interior orientation (camera calibration) and exterior ori-
entation (attitude and position) require energy, data storage and

processing resources.
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New satellite acquisition systems will no longer be con-
strained by fixed geometries; they will be capable of being
pointed to a specific area of interest. This capability permits
imaging of only cloud free areas, allows oblique perspective
imagingr of areas outside the flight path, and permits stereopairs
to be collected on multiple flight passes. Variable geometries
present the photogrammetrist with a new set of challenges.
Fixed geometries will restrict acquisition of MC&G imagery
when its requirements have to compete for system time with all
other users. To satisfy the maximum number of user require-
ments, future systems will probably incorporate collection
strategies that automatically aggregate different groups of user
requirements, and collect imagery based on user priorities,
while attempting to satisfy as many users as possible. Since
MC&G imagery requirements are not as time sensitive as some
other user requirements, collection of mapping imagery will
probably be assigned a lower priority. Thus, it is important
that the MC&G collection geometry window be as large as pos-
sible in order that sufficient imagery be collected to meet MC&G
requirements. It can also be expected that, if the collection win-
dow is large enough to minimize impact on other user require-
ments, non-MC&G users would also desire stereoscopic rather
than monoscopic coverage.

The purpose of this research is to develop and test an acqui-
sition geometry algorithm that will allow for varying collection
geometries and ensure that the imagery collected can be stereo-

scopically viewed for MC&G and other purposes. The result of



this research will be to increase the amount of imagery available

for MC&G exploitation.

15



16

CHAPTER 3
IMAGE ACQUISITION GEOMETRY

r ic Vision

The Manupal of Photogrammetry defines ""stereoscopy"” as
the science and art that deals with the use of binocular vision
for obscrvation of a pair of overlapping photographs or other
perspective views, and with the methods by which such viewing
is produced." The purpose of this research is not to study the
science of stereoscopy, but to investigate one application of
stereoscopy, specifically the geometric parameters that affect
acquisition of imagery that can be stereoscopically fused by the
photogrammetrist or image interpreter. The limiting case of
stereoscopic fusion is when two photographs are taken of the
same object from the same camera station, with the same exte-
rior orientation and perfect fusion occurs. This situation pro-
vides no stereoscopic perception of depth in the image and is of
no value to the photogrammetrist. However, the concept of per-
fect fusion is useful in developing a hypothesis for predicting
fusibility which is discussed in Chapter 4. For a human being
to see a stereo image, the eye must be able to focus on objects
at varying object distances. The eye achieves this focusing by
changing the shape of the eye's lens and consequently its focal
length. This ability to adjust the shape of the eye's lens is
called accommodation. Additionally, when viewing an object,

the eyes always converge on it, so that the optical axis of each



eye intersects the object and forms images on the fovea part of
the retina. The angle of convergence (Y) in Figure 3-1 is the
angle subtended at an object by the two eyes and is often called
the parallactic angle. The maximum parallatic angle (approxi-
mately 15 degrees of arc) can be calculated from the human eye-
base or interocular distance (approximately 65 mm) and the min-
imum distance (approximately 250 mm) at which the human eye
can focus. When two objects are viewed simultaneously, two
parallatic angles are formed and the difference in distance
between the observer and each object results in a difference in
parallatic angles. This difference is called the disparity angle
(8). For example, if the two objects being viewed are the top
and base of a building and the disparity angle is too great, then
a split or double image is seen. It is thought that the brain is
aware of the amount of accommodation, parallax, and disparity,
and combines this awareness to convert all the information into
an assessment of distance and the relative depth between two
objects at different distances from the eyes. Under normal con-
ditions, the average minimum parallactic angle that the eye can
detect is approximately 20 seconds of arc (McNeil, 1949).
From this minimum parallactic angle and the human eyebase, an
average person with normal vision cannot perceive a change in
depth beyond 650 meters from the eyes. The minimum disparity
angle which will give a discernable difference in depth, is
approximately three seconds of arc for a typical observer

(Manual of Photogrammetry, 1980).



In Figure 3-1, the relationship between convergence and reti-

nal disparity is 8;+62 = v1-72.

Eyebase or Interocular Distance

Height of Object

l

Figure 3-1. Stereoscopic geometry.

Y Bottom

ConventionalImage Acquisition Geometr

The distance at which an observer can perceive depth can be
increased by enlarging the effective interocular distance. One
way to achieve this is by taking images from two widely sepa-
rated cameras as is done in photogrammetry. A conventional
vertical image collection geometry analog of human binocular
vision can be constructed as shown in Figure 3-2. For simplic-
ity, the image plane (film) is shown in front of the lens rather
than behind it. The parallatic angle analog is the camera con-

vergence angle (7y), disparity is represented by the object's
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x-parallax (A), and accommodation by the camera focal length
(fc). Imagery used for photogrammetric purposes is usually
acquired with large base-height ratios. Base-height ratio (B/H)
is defined as the ratio of the air base of a stereopair to the aver-
age flyilng height above ground level. The larger the B/H ratio,
the greater the camera convergence angle and, consequently, the
greater the range of depth perception which means improved

vertical mensuration accuracy to the photogrammetrist.

camera lens CS_I air base (B) Cs2
plane ']
film plane
ground plane

I

Figure 3-2. Image collection geometry.



The camera convergence angle (y) shown in Figure 3-2 will
be defined later in this chapter and used in Chapter 4. Tradi-
tional stereoscopic image acquisition strategies for vertical or
near vertical images are based on determining the overlap
betweeﬁ vertical photographs that is a function of B/H ratio. A
major advantage in defining the acquisition geometry of a
stereopair in terms of B/H ratio is that the relationship between
base and average height above the terrain usually is constant
over the entire stereomodel. A major disadvantage is that this
relationship is valid only for stereomodels which have no roll.
It can be shown mathematically that asymmetry does not affect
B/H ratio or total base parallax (At) (LaPrade, 1973; Salzman,
1950) if the flying height remains the same as on a single pass.
It has not been shown that, for other than vertical fixed geome-
tries, B/H ratio alone can be used to predict stereoscopic
fusion.

Base-height ratio is probably a major component of a phe-
nomenon called vertical exaggeration. Vertical exaggeration is
the perceived increase in the vertical dimension of the stereo-
model relative to the horizontal dimension of the actual object
being viewed (Manual of Photogrammetry, 1980). The relation-
ship between base-height ratio and vertical exaggeration has
been a subject of investigations for years (Rosas, 1986).

The majority of photogrammetric imaging has been obtained
with precision cameras in a vertical arrangement. Other
arrangements that are used for photogrammetric mapping pho-

tography are convergent and transverse low-oblique, high-
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oblique, and trimetrogon photography. All of these arrange-
ments depend upon fixed geometric relationships with symmetri-
cal imaging stations. Although fixed geometries are the most
desirable ways to collect mapping photography, in the future,
remotely piloted aircraft and satellites supporting multi-user
requirements will be equipped with CCD array, pointing cameras
similar to SPOT. Photogrammetrists and image interpreters will
be required to acquire and use stereomodels with varying geom-

etry provided by these new systems.

riabl A isition metr

The larger the B/H ratio, the greater is the camera conver-
gence angle between intersecting rays to common points in the
stereomodel. Large camera convergence angles favor a higher
degree of vertical accuracy. ﬁowcvcr, large convergence angles
also increase sensitivity to displacements and scale changes due
to tilts and ground height variations, which have an impact on
stereoscopic fusion. Conversely, smaller convergence angles
improve stereoscopic fusion and in the case of vertical imagery,
horizontal accuracy. Variable geometries compound the prob-
lems of accuracy and stereoscopic fusion, by introducing the
effects of asymmetry and roll. To deal with the three variable
geometric parameters of convergence, roil and asymmetry, a new
set of stereomodel collection definitions has to be developed.
Figure 3-3 illustrates the situation where the two cameras are
tilted and the photographs taken at different flying heights. The

plane containing the two camera exposure stations (CS1 and



CS2) and the target (T) is called the epipolar plane. The lines
t; and ty are called epipolar lines (Moffitt and Mikhail, 1980).

Epipolar plane

GROUND

Figure 3-3. Epipolar plane and epipolar lines.

When viewing a pair of tilted camera photographs under the
stereoscope, the two photographs must be continually rotated so
that the epipolar lines passing through the target are aligned
parallel with the observer's eye base. When the images are
acquired digitally they can be mathematically scaled and manip-
ulated to create epipolar images, where the epipolar constraints

are maintained throughout the stereomodel. Epipolar images do
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not require constant rotation when viewing digitally produced
hardcopy photographs under a stereoscope. The three variable
geometric acquisition parameters: convergence, roll, and asym-

metry are all related to the epipolar plane, see Figure 3-4.

Cs2
% !
%
A
cs1 EPIPOLAR O\ o
PLANE ) %,

Figure 3-4. Acquisition parameters.

Lying in the epipolar plane is the camera convergence angle
() which is defined as the angle subtended by the two camera-
to-target rays at the target. The asymmetry angle (o) is the

angle measured in the epipolar plane between the ray which



bisects the convergence angle (bisector ray) and the ray normal
to the intersection of the target plane and the epipolar plane at
the target. Asymmetry is negative when the bisector ray pre-
cedes the normal ray when flying from CS1 to CS2. In Figure
3-4 thc.asymmctry is negative. The roll angle (L2) represents
the rotation of the epipolar plane about the flight line between
camera stations CS1 and CS2 measured from the normal to the
target plane where it intersects the ray normal to the intersec-
tion of the target plane and the epipolar plane at the target (the
ray used to determine asymmetry). Roll is measured positive
when the flight line is to the left of an imaginary flight line
directly over the target. In Figure 3-4, a positive roll is
shown. The bisector elevation angle or BIE (B) is the vertical
angle measured between the horizontal plane at the target and
the bisector ray in the epipolar plane. Look angles (LAl and
LA2) are acute angles in the epipolar plane measured from the
normal ray to the target rays. The flight line azimuth (A) is the
azimuth of the direction of flight (CS1 to CS2), measured from
0 to 360 degrees clockwise from North.

Stereomodels are classified as either single pass stereopairs
or multiple pass stereopairs. A single pass stereomodel is a
model formed by images taken on the same imaging pass. A
multiple pass stereomodel is formed using two images taken on
two different imaging passes. Figure 3-5 shows the single and
multiple pass configurations for the case where the flight line

passes directly over the target (no roll). In Figure 3-5, the
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epipolar plane intersects the target plane at 90°, and the bisec-

tor elevation angle lies in the plane of the paper.

Single pass geometry Multiple pass geometry

Figure 3-5. Overhead cases of collection geometries.

The following relationship exists between the bisector elevation

angle, roll, and asymmetry:

sin (BIE) = cos (roll) cos (asymmetry). _ (3.1)

This relationship can easily be derived. From Figure 3-5, it
can be seen that the bisector elevation angle and asymmetry do
not change between the single pass stereomodel and the multiple
pass stereomodel. Since roll = 0° in Figure 3-5, sin (BIE) =

cos (asymmetry).
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Figure 3-6 shows the general case of the multiple flight pass

geometry stereomodel with roll introduced into the relationship.

Figure 3-6. Derivation of the BIE angle.

The two camera stations and the target form the epipolar

plane. The vertical angles (B, E;, E2, E3, and E4) and dis-

tances (H,y, Hz_, Hi, and H4) are measured from the target

26



27

plane (T-0-Q) to the c-pipolar plane. The angles (¥ and o) and

' the distances (Dj, D2, D3, and D4) are measured in the epipolar
plane. The flight path from CS1 to CS2 can be rotated within
the epipolar plane to form an arbitrary single path flight line

where:

Q = 90°-Eg4, and B = E, (3.2)

sin (E;) = gll sin (E2) = % sin (E3) = %31, and  (3.3)

sin (E4) = g—:

Dy = —24 (3.4)
cos(o)

sin (B) = 12 CI‘;: (@) _ cos (o) sin (Eq) (3.5)

then; sin (B) = cos () cos (). (3.6)

Note: Roll does not change when rotating from a

multiple pass to a single pass stereomodel.

Thus the bisector elevation angle provides a single param-
eter that relates asymmetry and roll. Equation 3.6 can be used

by.entering Figure 3-7 with values for  and o in degrees.



28

For example, given a roll of 20° and an asymmetry of 25° the
bisector elevation angle would be about 58°. Figure 3-7 illus-

trates how the bisector elevation angle changes with asymme-

try and roll.
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Figure 3-7. Relationship of the bisector elevation angle

to asymmetry and roll.

Like the B/H ratio in vertical stereomodel acquisitions, the

bisector elevation and convergence angles represent stereomodel
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collection geometries. In the case of vertical photographs the

bisector elevation angle is 90°.

R ifi ion

Rectffication is the process of taking a tilted or oblique pho-
tograph imaged from a given exposure station and transforming
the photograph into an equivalent vertical photograph taken
from the same exposure station as shown in Figure 3-8.

The purpose of rectification is to attempt to eliminate or
reduce image displacements which produce variations in the
scale of the photograph. There are two primary sources of scale
variations: (1) tilt of the aerial camera lens axis from a truly
vertical attitude; and (2) variations in the surface height of the
ground being photographed. Rectification is normally classified
as plane rectification where displacements of the original image
due only to tilt of the camera are compensated; and differential
rectification in which displacements of the original image due to
tilt and ground height variations are removed. Differential rec-
tification is usually associated with orthophotography which
requires a stereomodel. However, with the use of a digital ter-
rain elevation model a single digitally acquired image can be
analytically differentially rectified with a computer. Digital
rectification should significantly improve the stereoscopic

fusion of variable geometry stereomodels.
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CS 1 Ccs2
OBLIQUE OBLIQUE
IMAGE IMAGE
R 7/
RECTIFIED RECTIFIED
IMAGE IMAGE

Figure 3-8. Digitally rectified images.



31

CHAPTER 4

STEREOSCOPIC FUSION HYPOTHESIS

Background
In 1980 while assigned to the Defense Mapping Agency

(DMA) as a project manager for acquisition systems, I designed
and conducted experiments using non-MC&G imagery taken from
a variety of look and roll angles. The purpose of the research
was to define the relationships between stereoscopic pair geom-
etry parameters, and use these relationships to govern collection
of stereoscopically fusible imagery. The hypothesis was that a
relationship existed between acquisition geometry and stereo-
scopic fusion. The research required collecting imagery of the
same ground area from different camera positions to provide a
range of variable geometry stereomodels, evaluating the fusibil-
ity of the stereomodels, and correlating stereoscopic fusion with
acquisition geometry parameters. Resource limits precluded
taking the full set of imagery desired. However, 35 single pass
stereomodels were acquired. To determine a preliminary fusion
quality rating for each of the 35 stereopairs, all were screened
by 3 DMA image analysts using mirror stereoscopes. Each ana-
lyst rated each stereopair on a scale of easy-to-fuse, difficult-
to-fuse and no-fusion. The results of all three analysts were
averaged to provide a preliminary fusion rating for each pair.
Then, based on the screening evaluations, three experiments

were conducted to determine the fusibility of the stereomodels.
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Table 4.1 summarizes the experiments described below. In the
table "Dynamic” refers to plotting on the stereoplotter, "U"

refers to unrectified imagery, and "R" refers to rectified

imagery.
Eﬁgeriment creening 1 2 3
# Models Evaluated 35 35 35 2
# Analysts 3 35 3 5
# Models per Analyst 35 5 35 2
# Areas Evaluated 1 7 Dynamic 7
# Analysts per Model 3 5 3 5
# Readings per Model 3 35 3 35
Type of Instrument Mirror B&L AS-11 B&L
Type of Imagery U U U R

Table 4.1, Summary of experiments.

The first experiment consisted of dividing the 35 stereopairs
(unrectified) into 7 sets of 5 stereopairs each. The five pairs in
each set were selected to provide a range of fusion quality based
on the preliminary ratings obtained during the screening evalua-
tions. Each set was rated by five different DMA imagery ana-
lysts using Bausch and Lomb zoom stereoscopes. In total, 35
image analysts were used to evaluate all 7 sets.

To prepare the imagery, seven areas containing easily iden-
tified cultural features (buildings, bridges, overpasses, storage
tanks, etc.) were circled in each stereopair, the diameter of each
circle approximating the field of view visible through the
Bausch and Lomb zoom stereoscope. Each analyst rated all
seven areas (entire field of view visible) on the scale: 0 = no

fusion, | = poor fusion or difficult to fuse, 2 = good fusion or



easily fused. Each analyst's ratings of the seven areas for each
stereopair were averaged to provide an analyst's mean rating for
the stereopair. The five different analyst ratings for each
stercopair were then averaged to get a final rating for each
stcreOpﬁir. Variations among analysts did not exceed one cate-
gory on the fusion scale for any stereopair.

Analysis of the first experiment consisted in computing sim-
ple and multiple regression correlation coefficients comparing
the stereopair fusion ratings against each of the known acquisi-
tion parameters of the stereopair. Parameters analyzed individ-
uvally and in a variety of combinations included B/H ratio, asym-
metry angle, roll angle, convergence angle, aspect ratio, sun
angle and look angles. None of the simple or multiple correla-
tions computed provided a sufficiently high correlation with the
stereopair fusion ratings to support using any single or multiple
parameter relationship to develop an acquisition algorithm to
insure collection of stereoscopic imdgery. However, the corre-
lation of convergence u)stereoscopic fusion, and the multiple
regression correlation of asymmetry, roll, and convergence to
stereoscopic fusion did point to some relationship between these
parameters and stereoscopic fusion. Further research into the
nature of these relationships was indicated. The coefficient of
correlation (p) between the screening scores and analysts’
scores was greater than p = 0.9, showing that the viewing scale
of the stereoscope had little or no influence on stereoscopic

fusion.
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In the second experiment, 3 stereoplotter operators rated the
fusibility of the 35 stereopairs while trying to plot linear fea-
tures (roads, railroads, drainage, etc.) using the AS-11 analyti-
cal stereoplotter. This task called for the operators to view the
scene dynamically, by moving through the stereomodel and
keeping the floating mark on the ground. The ratings obtained
from the three stereoplotter operators were also statistically
correlated against the same parameters used in the first experi-
ment. No significant correlations were found. A comparison
also was also made between the ratings obtained from the
Bausch and Lomb zoom stereoscopes and the stereoplotters.

The results of this comparison showed that it was more difficult
to fuse some stereopair geometries in the dynamic environment
of the stereoplotter than in the static environment of the zoom
sterecoscope.

The third experiment consisted of digitally rectifying two
stereopairs rated difficult to fuse in the first experiment and
having the same five analysts, who previously rated the stereo-
pairs on the zoom stereoscope, rate the rectified stereopairs on
the same instruments. The results of this experiment showed no
improvement between the rectified and unrectified stereopair
images.

The results of these tests showed more research was needed
to develop an algorithm to predict stereoscopic fusion. The ini-
tial analysis also showed that further investigation into the rela-
tionships between asymmetry, roll, and convergence, and

stereoscopic fusion was called for.
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A study of the collection parameters which define a stereo-
model's geometry led to some basic conclusions. Three acqui-
sition parameters can be defined to provide a unique description
of a stcfcomodcl' s geometry. They are asymmetry angle, roll
angle, and convergence an_glc. This conclusion led to the devel-
opment of the definitions presented in Chapter 3. The effect of
each of these parameters on stereoscopic fusion can be deter-
mined by starting with a concept of "perfect fusion.” "Perfect
fusion" can be described as the case where two identical images
are taken of the same scene from the same camera stations with
the same exterior orientation. Moving the cameras apart intro-
duces convergence. The stereoscopic effect of depth perception
improves as convergence increases. However, stereoscopic
fusion in terms of "perfect fusion" is degraded. At some point
when the convergence angle becomes too large, the ability of the
observer to fuse the corresponding images is lost with conse-
quent loss of stereoscopy and depth perception. Once conver-
gence is introduced into the stereomodel, increasing asymmetry
or roll further degrades stereoscopic fusion. Stereoscopic
fusion is lost when the combination of asymmetry and roll
become too large.

Asymmetry () and roll () are mathematically related to the

bisector elevation angle (B) by the relationship developed in

Chapter 3 and given by Equation 3.6, restated below

sin (B) = cos (a) cos (Q). (3.6)
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"Perfect fusion" exists when the convergence angle (y) is 0°.
For a stereomodel composed of vertical aerial photographs,
where roll = 0° and asymmetry = 0°, "perfect fusion” can be

described by the mathematical relationship;

B -y =90°. (4.1)

As convergence increases, the stereomodel departs from “perfect
fusion” and the numerical value of equation 4.1 decreases.
Increasing asymmetry and roll causes the bisector elevation
angle to decrease as the stereomodel departs from vertical.
When the convergence angle (y > 0°) is held constant, reducing
the bisector elevation angle makes the value of equation 4.1
decrease, and the stereoscopic fusion of resulting stereomodel
degrades. These relationships can be expressed with a numer-

ical value symbolized by lower case "x;i" which can be calcu-
lated mathematically for any stereomodel from the model's

geometry,
Bi — vi = xi. (4.2)

Then based on the above discussion, the lower the x; value in
equation 4.2, the more the stereomodel departs from "perfect
fusion"” where v > 0°.

Stereoscopy, in contrast to "perfect fusion,” requires at least
some convergence angle. As convergence increases, vertical

exaggeration increases and the observer's stereoscopic percep-
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tion improves. Similarly, as asymmetry and roll increase, verti-
cal exaggeration increases. However, the combination of con-
vergence, roll and asymmetry can reach a point where the opera-
tor is unable to fuse the stereomodel. Stercoscopy is lost when
the disparities in the stereomodel become very large. Mapping
processes call for an operator to view a stereomodel for long
periods of time. Easily fused stereomodels are essential to
avoid operator fatigue and maintain quality and productivity. In
addition to stereoscopic fusion, the mapper needs enough verti-
cal exaggeration in the model to interpret and measure the height
of terrain and cultural features. Therefore, a minimum conver-
gence angle needs to be specified as a collection parameter.
Once a minimum convergence angle is established, stereoscopic
fusion can be stated in terms of the bisector elevation angle and

convergence,

Bl_‘lexi (4‘3)

where the upper case symbol "X" can be thought of as an instru-
ment or operator constant. Based on the analysis of the experi-
ments conducted at DMA, it was found that the ability of an
operator to fuse stereoscopic images easily was a function of
the model's geometry and the photogrammetric process being
performed. An X-value could be established empirically for
cach photogrammetric process; stereoplotting of features and
contouring, feature extraction, and detail mensuration. Thus, X

represents the lower limit of stereoscopic fusion, or the point
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where a stereomodel can no. longer be easily fused in a given

instrument or process.

Based upon this analysis, I proposed the concept that Bj— i
=2 X is a predictor of stereoscopic fusion. To test this hypoth-
esis, values for xi = Bi — yi were computed for each of the 35
models. A simple linear regression correlation comparing xj-
values to the stereomodel ratings showed a high correlation.
For the first experiment, a simple regression correlation of
0.850 was obtained. By establishing the rating of 1.5, or half
way between difficult to fuse and good fusion as the lower limit
for usable stereomodels, the X-limit for a field of view using
the Bausch and Lomb zoom stereoscope was calculated to equal
20°. To ensure usable stereomodels in terms of fusibility, only
those which have x; values greater than 20° should be imaged
for this use. For example, a stereomodel with x; = 30° would
be easy to fuse, and a stereomodel with x; = 15° would be diffi-
cult to fuse. For the second data set, using an AS-11 analytical
stereoplotter in a profiling operation, the X-limit was found to
be 35°. Equation 4.3 provides a simple acquisition algorithm
which can be used to establish a criterion for collection of
fusible stereomodels. Figure 4-1 depicts graphically the rela-
tionship between the bisector elevation angle, X, convergence
angle, roll angle, and asymmetry angle. For example, if X 2
30° was the acquisition criteria and the desired convergence
angle equaled 45°, from equation 4.3, B must be greater or
equal to 75°. In Figure 4-1, the 75° - X curve establishes this

acquisition window (shown shaded) and 15° represents the
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maximum values of either the asymmetry or roll angle that are

acceptable.

Sl S A2

0 5 10 15 20 25 30 35 40 45
ROLL ()
sin () = cos (Q) cos (@)

Figure 4-1. Single pass nomograph.

A smaller X-limit would increase the acquisition window and
allow larger values of asymmetry and roll. For example, given
X 2 20° and v = 45°, the acquisition window would be defined
by the 65° - X curve, and asymmetry or roll could be as high as

25°. Also, using Figure 4-1, a specific parameter can be deter-
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mined graphically; for example, ¥ £ 42° when Q = 15°, a = 10°,
and X 2 30°,

Because of these experiments, the Bj — yi 2 X algorithm was
accepted by the DMA as the criterion for the acquisition of vari-

able geometry stereomodels.

roblems with 1 Experimen
There were several problems related to the 1981 experiments.
Experiment one showed a step change between good and poor

fusion, based on the xj-values of the stereopairs, as depicted in

Figure 4-2.
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Figure 4-2. Ratings versus xj-values.

All the unrectified stereomodels whose ratings were greater

than one had xj-values greater than 20°; and all those stereo-

models whose ratings were less than one had xj-values less than
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20°. The transition from good to no stereoscopic fusion was
abrupt, instead of a gradual transition as one would expect.

The Bj — yi 2 X algorithm was based on a limited number of
xj-values. Also, the evaluators were instructed to look at areas
instead of specific features in the circled areas on the imagery.
The features a specific evaluator used to determine fusion could
vary between evaluators. Furthermore, there was no assurance
that every evaluator had correctly aligned the stercopaii's to
reconstruct the air base as represented on the stereomodel.
Moreover, the evaluation scale was limited to three subjective
choices - good, poor and no stereoscopic fusion - instead of a
continuous scale. Additionally, the stereomodels were not rated
against a control stereomodel. It is interesting to note tﬁat
there was no improvement in fusion quality when the imagery
was rectified. The availability of only three rectified stereo-
pairs, and the approximations made in the mathematical model
used to rectify the non-MC&G imagery, may have contributed to
no improvement. The vertical exaggeration effects were never
analyzed in the original experiments because the evaluators were
not asked to rate objects of known heights.

Ensuring that stereomodels collected by variable imaging sys-
tems are fusible is of great importance to photogrammetrists.
Larger imagery acquisition windows provide more opportunities
to collect usable images. Therefore, it is important to determine
if the relationship i — v;i 2 X provides an accurate criterion for

collecting variable geometry imagery. This can only be deter-



mined by starting with the hypothesis that B; — v; 2 X is a solu-
tion, and testing the hypothesis by conducting controlled exper-

iments.
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CHAPTER 5

DESIGN OF EXPERIMENTS

Approach

The purpose of this research was to analyze the relationship
between stereoscopic fusion and the geometric relationships
expressed by the equation Bj—7v; 2 X, test the hypothesis that
Bi—7v; 2 X represents a criterion of stereo fusion, determine the
improvements in stereoscopic fusion that can be obtained by
rectification, and investigate the relationship between vertical
exaggeration and acquisition geometries. The methodology
selected for this research was a combination of the experimental
and analytical survey methods of research. The experimental
portion of the research discussed in this chapter consisted of
designing a set of control experiments, selecting a clearly
defined limited population to conduct the experiments and con-
trolling the conduct of the experiments to remove the influence
of bias and extraneous phenomena not relevant to the problem
situation. The analytical portion of the research, which will be
discussed in Chapter 6, consisted of taking the quantitative data
obtained from the experiments and analyzing the data by means
of statistical tools to discern the existence or non-existence of a
relationship between stereoscopic fusion and geometric collec-
tion parameters. In other words, the objective was to test the

hypothesis developed in the 1981 experiments.
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The experiments required that data be acquired to generate
digitally a set of controlled images that would represent a full
range of stereomodel geometries. This imagery and the exper-
imental procedures used to test the imagery needed to be
designed to ensure that all subjects using the imagery were
looking at the same objects and were rating the imagery on the

same qualitative scale.

Data Sources

The 1981 experiments were limited by the lack of a full range
of acquisition geometries. For this research a set of controlled
synthetic images was digitally generated using the SRI Carto-
graphic Modeling Environment (Hanson and Quam, 1988): The
modeling environment included image manipulation tools (Image
Calc), three-dimensional environment manipulation tools (Object
System), and scene rendering capabilities (Rendering System).
The hardware used to gene‘rate the evaluation imagery consisted
of a Symbolics Lisp machine processor, Symbolics black and
white console, combined Symbolics CAD buffer and Tektronix
stereo shutter for viewing, and a Dunn Instruments 638H camera
to record the imagery.

The sources used to generate the evaluation imagery were: a
photograph taken of an area near Denver, Colorado provided by
the United States Army Engineer Topographic Laboratories
(USAETL); the Digital Elevation Model (DEM) of the scene area
provided by the United States Geological Survey (USGS); and

the object modéling library available in the SRI Cartographic



Modeling Environment. The photograph used for evaluation was
originally taken to support Autonomous Land Vehicle (ALV)
research sponsored by the USAETL. A Wild RC-10 Camera
(number 2556) with a /5.6 lens (number UAg I 6059) was used
to take the photograph. USGS camera calibration report RT-R
395, March 10, 1978 was provided with the photograph. The
calibrated focal length of the camera is 151.953 mm.+ 0.005
mm. The photograph (number 2-44, GS-VECC-C) taken on July
3, 1978, was of the Martin Marietta ALV test area, Denver,
Colorado using natural color film at a scale of 1: 28,000. The
USAETL digitized (November 4, 1985) the photograph on a
scanning microdensitometer where fiducial marks were measured
in microdensitometer stage coordinates so pixel coordinates
could be related to camera coordinates. The microdensitometer
parameters are 4096 pixels per line with 4096 lines scanned.
The delta X and delta Y scan increments were both 30 microme-
ters. The aperture diameter was 35 micrometers and the scan
pattern was lefi-to-right, top-to-bottom. Geodetic ground con-
trol was used in a conventional aerotriangulation by the

USAETL. The computed camera position and attitude parameters

were,
Xc= 1,812.722 feet, omega = 1° 58’ 55.8”,
Yc = 2,137.357 feet, phi = -1° 12726.9”,

Ze = 21,716,982 feet, kappa = 90° 46" 28.9".
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These values are based on a local vertical tangent coordinate
system with the origin at 39° 30" N and 105° 07’ 15” W. The
DEM files used were of the USGS Littleton Quadrangle, Col-
orado, in the original format with a spacing of 30 meters post-

to-post.

ntheti I

To create the imagery used in the experiments, synthetic
images were generated from the digitized aerial photograph
using the SRI Cartographic Modeling Environment. This envi-
ronment provides software tools for capturing, manipulating,
and displaying two-dimensional digital images, terrain eleva-
tion, and feature data. The environment also provides an exten-
sive object modeling library containing solid (three-dimen-
sional), curve (two dimensional) and utility (text and symbols)
objects. Software is provided for interactive feature displays
that allow the operator to record and control object parameters,
clone objects, and render objects by selecting texture and gray
scales from areas within the scene and assigning them to new
objects. A suite of geometric constraint software tools is avail-
able to relate images mathematically and map images to world
coordinate systems. Symbolic information can be geometrically
integrated into scenes. Geometric constraints include analytical
photogrammetric integration of camera parameters, ground con-
trol, digital terrain elevation data, and solar rays and shadows.
Automatic epipolar constraints are provided in the software to

assist stereoscopic viewing. Synthetic scene generation soft-



ware allows for hierarchical terrain texturing, texture-mapped
objects, mapping of invisibility regions, and shadow genera-
tion. The SRI Cartographic Modeling Environment software
provides the tools to view scenes interactively from new camera
positions. Synthetic images are created by texture rendering or
draping a two-dimensional scene onto three-dimensional data,
such as a digital terrain elevation model and object or feature
models, from a camera viewpoint different from the actual aerial
camera position as shown in Figure 5-1. This is analogous to
projecting the aerial image on the the terrain model and pho-

tographing the scene from a different location.

SYNTHESIZED IMAGE GIVEN IMAGE

@\ /AER.AL |MAGE/

Figure 5-1. Synthetic imagery generation.
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Ezg.pgximgn;a! Imagery

To ensure that all individuals evaluating the imagery would
be fusing the same features, a set of nine "building-like" solid
objects were created using Image Calc and were superimposed
on the digital elevation terrain model. Each object was assigned
a letter which was put at ground level on the elevation model as
shown in Figure 5-2. The letters, in addition to identifying the
objects, provided a quick aid to the evaluator to ensure the
stereopairs were aligned for viewing. The height of the objects
were varied along flight lines to allow the image evaluators to
see slightly different scenes when evaluating the fusibility of
stereopairs. A description of these objects is provided in

Appendix A.

1)
Mz

Figure 5-2. Digital terrain model.
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The original image texture and gray-scale captured during
digitizing of the photograph were rendered onto the digital ter-
rain model. Shadings due to surface orientation relative to the
light source were mathematically generated in the rendering
process. The texture-mapped objects were integrated into the
image to create the synthetic images used in the experiments.
Figure 5-3 shows a completed synthetic image used in the

experiments.

Figure 5-3. Experiment synthetic image.

Automatic epipolar constraints (Figure 5-4) were applied in
generating the synthetic images. These constraints ensure that
the stereomodels formed by the pairing of images can be viewed
without continually rotating and adjusting the images. To gen-
erate a full range of geometries, 10 simulated parallel flight
lines at roll angles (roll = Q, see Figures 3-4 and 5-5) from 0°

to 45° were created. Each flight line was separated by a 5° of
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roll angle. Along each flight path 17 camera stations were
established at equal intervals with look angles (LA 1, LA 2 in
Figure 3-4, and LA in Figure 5-5) from -55° to +25°. From
each camera station a synthetic image was created of the same

area of the terrain model.

Figure 5-4. Epipolar imagery.
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A total of 170 camera stations were used to create the images
used in the experiments. Seventeen images were taken along
each flight line that could be used to form 136 different stereo-
models for each roll angle, 1360 stereomodels in total for the 10
flight lines used. The flying height for all the synthetic images
was 40,000 feet.

40K
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Figure 5-5. Camera station geometry.

Three different sets of synthetic imagery were created from

the same camera stations, including an unrectified set (labeled

"C"on the imagery), a rectified set (labeled "RC"), and a "plate"
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set (labeled "PC"). A total of 510 images were generated for
the experiments. Figure 5-5 illustrates the acquisition geome-
tries used to create the images. Appendix B lists the coordi-
nates of each camera station.

The term "plate” imagery is used to describe unrectified
images where the "building-like" objects are shown on the image
at the same height as the objects on the unrectified imagery, but
the sides of the building have been removed, making the object
appear as plates floating above the terrain. This set of imagery
was created to evaluate vertical exaggeration. The images were
photographed on 35 mm film using the Dunn camera, and then
enlarged 2.5 times on a large format camera by the USGS to
provide final images that would fill the field of view of the
mirror stereoscope. The resulting scales of the experimental
imagery are 1:8,775 for the unrectified and plate imagery and
1:9,875 for the rectified imagery. The resolution of the imagery

is approximately 4.5 feet per pixel.

T f I ram r

The 1360 stereopairs that could be formed from the controlled
digital image scenes provided a full range of stereomodel geom-
etries from which evaluation imagery sets could be selected.
Constraining the parameters of convergence to a maximum of
50°, asymmetry to 45°, and roll to 45°, 970 different combina-
tions were available to form stereomodels. Stereogram cards
could be constructed containing 25 stereograms to a pair of

cards based on the physical size of each image. Using 6 sets or



versions of the stereogram cards, 150 stereomodels could be

evaluated. To provide control for the experiments the first and

last stereopair on each stereogram card set would be the same

for all six cards as shown in Figure 5-6.

1 2 3 4 5
¥y = 30°
a = 0° 57°<xij<65°51°<xj<54°45°<xij<48° 39°<x;<42°
Q= 0°
x; = 60.000°
10 9 8 7 6
9°9<x;<12° |15°<x;<18°[21°<x;<24°/27°<x;<30° 33°<x;<36°
11 12 13 14 15
3°<xj<6° [-5°<x;<0° Xj<-5° 0°<xj<3° 6°<xij<9°
20 19 18 17 16
36°<x;<39°(30°<x;<33°|24°<x;<27°|18°<x;<21°12°<x;<15°
71 72 23 24 25
¥ = 30°
a = 0°
42°<xij<45° |48°<xi<51°|54°€xi<57°| xi>65° Q =0°
x;j = 60.000°

Figure 5-6.

Stereogram xj-value ranges.
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Therefore, 139 stcréomodels, 23 stereomodels per card plus
the control model could be selected from the 970 available. The
evaluation plan called for each rater to evaluate the same stereo-
pairs in the three different forms (unrectified, rectified, and
plate). To ensure all evaluators would be rating equivalent sets
of imagery on all six versions of the stereogram cards, the fol-
lowing scheme was devised. Stereogram cards were structured
so that positions 1 and 25 would have the same stereomodel on
all sets. Each position on all six sets would have stereomodels
within the xj-range shown in Figure 5-6.

To ensure a full range of stereomodel geometries would be
evaluated, an attempt was made to distribute equally the values
of the convergence, roll, and asymmetry angles throughout the
stereomodels. Because high values of these parameters are
inconsistent with high xj- values, within an x; range only a
limited selection of all parameters were available. The distribu-
tion of convergence roll and asymmetry is shown in Figure 5-7.
Asymmetry angles were separated by 2.5°, convergence and roll
angles by 5°. The minimum convergence angle was 5°.

To determine if the quality of a stereomodel influenced the
evaluator's assessment of the next stereomodel, the stereogram
cards were structured to go from high xj-values (position 1) to
low values (position 13) and back to high values (position 25).
Figure 5-8 shows a plot of all the xj-values on all six versions
by position. The tables in Appendix C show the stereomodel

geometry of all six stereogram cards by position.
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The rectified and plate stereograms cards for each version of
experiments have the same stereomodel geometry in the same
position as on the unrectified stereogram card. To ensure the
evaluators were using the same reference to rate a stereomodel’s
quality on the unrectified version of the stereogram cards, posi-
tions 1 and 25 have the same stereomodel used on the rectified
stereogram cards. Also on the unrectified stereogram cards,
five stereomodels were created with two differently scaled
images forming the pair.

The differently scaled stereomodels provided an additional
check on the evaluators' ratings, on the supposition that trying
to fuse images of slightly different scales would be more diffi-
cult and the stereogram quality lower. The first and last
stereopairs on the plate stereogram cards were also the same;
however, they were plate images.

Once the images to be used in the experiment were selected,
the original 35 mm negatives (Dunn Camera) were laid out in
blocks of 60 photos and enlarged positives were made. These
were then cut into individual images and laid onto a card tem-
plate and labeled to reflect image position number, type of
imagery (C, RC, or PC), version number (1 thru 6), and left or
right image (L or R). The resulting 36 photographs formed the
18 stereogram pairs needed to provide the 6 versions of 3 types
of imagery used in the experiments. A total of six complete
packages of photographs were made to allow evaluations to be
conducted simultaneously at different locations. The photo-

graphic laboratory work was done by the United States Geo-
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logical Survey at Menlo Park, California. Additional copies of
all the stereograms were made by the National Photographic
Interpretation Center's photographic laboratory in Washington,
D.C. for further experimentation. Appendix D contains the

actual stereograms used in the experiments.

1 i k ign

Crucial to the conduct of the experiments was the evaluation
booklet used by the evaluators to assess the stereo fusibility of
the stereomodels. In the design of the booklet, emphasis was
put on communicating to the evaluators that the experiment was
not a test of an individual's stereo vision; the stereomodels, not
the evaluator, were being rated. Six different versions of the
booklets were made to match the six versions of the stereogram
sets being rated. The booklets were structured into several dis-
tinct parts.

The cover contained the booklet number which referenced the
version of the stereograms being evaluated and the individual
evaluator's number. The cover also listed the actual photograph
numbers used to form the stereopairs to be used with that book-
let, and provided mailing instructions.

The first page of the booklet provided an introduction stating
the purpose of the experiment and explaining the origin of the
imagery and the different types of imagery being evaluated.
Brief instructions on the conduct of the evaluation were given
and information relevant to the experiment about the evaluator

was requested. The requested information included whether the
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evaluator wore glasses, used glasses when viewing through the
stereoscope, had ever been tested for stereo vision; and the
evaluator's years of experience using stereo imagery and job or
background. The first page informed the participants that the
evaluation was not a timed test, but did request that they record
their starting time and ending time for purposes of evaluating
cost. The evaluators were thanked for participating on both the
first and last pages of the bookiet.

Separate evaluation pages were provided for Part 1, Part 2,
and Part 3 of the experiment. These pages provided explicit
instructions on how to evaluate the imagery, the imagery pairs
and instrument to be used, and emphasized the order in which
viewing of the stereopairs must occur. The evaluators were
instructed to view and rate the stereopairs in numerical sequence
1 through 25. They were also informed that the heights of the
labeled objects varied with each stereopair. The evaluators
were instructed to use the letters to assist in adjusting the
stereopairs, and once adjusted they were instructed not to read-
just the pairs. A fusion scale, Figure 5-9, with an explanation
was provided for the imagery evaluation of the unrectified (Part
1) and rectified (Part 2) parts of the experiment. Ratings were
to be based on the entire field of view seen in the instrument
and rated in terms of eye strain one would expect over a normal
work period. The fusion scale provided indicated differences in
ease of fusion and ranged from "cannot fuse” (0) to excellent

stereo (9) with varying degrees of fusion difficulty in between.
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o 1 2 3 4 S 6 7 8 9

L

cannot very difficult  difficult easily excellent
fuse to fuse to fuse fused stereo

Figure 5-9. Fusion scale.

To establish a reference baseline and reduce ambiguity, the
evaluators were told that the first pair was rated a "7". As a
consistency check, the evaluators were also asked to compara-
tively rate each stereomodel by indicating whether the model
was harder @, the same (), or easier (®, to fuse than the pre-
vious stereomodel. A space for comments on difficulties and
general comments was provided for each rectified and unrecti-
fied stereopair. Figure 5-10 shows the format of the rating and
comments section of the booklet for unrectified and rectified
stereomodels.

The evaluation in Part 3 was divided into two sections, Part
3A and Part 3B. Part 3A required the evaluators to use the plate
imagery and estimate the height of two objects above their
respective letters on the ground. The height of object I
remained fixed on all the stereomodels and was to be used as a
reference for estimating height. The evaluators were given the
plan dimensions of object I, 100 feet by 100 feet, and asked to
estimate its height. A second object was designated, which
changed with each stereogram, and the evaluators were asked to
gstimate its height. The evaluators were allowed to readjust the
images forming the stereopairs to get the best possible fusion of

the object whose height was being estimated. They were not



required to view the 25 stereopairs in any particular order. Part
3B had the evaluator use the rectified imagery (Part 2 imagery)

and estimate the height of only object I.

COMMENTS:

-

®@©0:00000000EG

[ 8]

00 6: 00000000

3 ©06:0000000000

25 @0 0: 00000006

Figure 5-10. Rating format.

The last page of the booklet requested the evaluators to
record their completion time and provided space for comments.
The evaluators were thanked for participating, and appreciation
was expressed for their time and efforts supporting the experi-
ment.

To ensure that the booklet instructions clearly indicated what
was required of the evaluators, and would provide the data nec-
essary to fulfill the research objectives, the booklet was
reviewed by Ms Barbara Gasdick, a visiting fellow at SRI,
International, with expertise in technical and questionnaire
writing. This review focused on how well the booklet reflected
objectivity, clarity, relevance to the problem, and the probabil-
ity of favorable reception and return, The booklet was

reworked a number of times and then pretested on six people.
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The pretest group ranged from a high school student with no
previous experience viewing stereopairs to a professor of pho-
togrammetry with over 30 years experience viewing stereopairs.
Data gathered during the pretests provided a basis for estimating
the time and workload required to administer and conduct the
evaluations. Appendix E contains one version of the evaluation

booklet used in the experiments.

Selection of Imagery Evaluators

Once all the supporting materials, including the photo sets of
test stereomodels and the evaluation booklet, had been devel-
oped, it was necessary to turn to the most important aspect of
the experiment, choosing the population to evaluate the ifnagery.
To accomplish this it was necessary to choose the number, the
selection criteria and the parameters of the evaluators; calculate
the costs in money, time, and other resources required; and
request support from the ai)propriatc agencies. Based on a min-
imum of 16 ratings for each stereomodel, 96 readings for each
position or range of xj-values on the stereogram cards would be
available for analysis. To ensure this minimum response, it was
felt necessary to request 108 evaluators. Based on the pretest
results, the average time required to evaluate an imagery packet
was 1.5 hours. In addition to the 162 man-hours required for
evaluation, 39 man-hours of administration time was estimated
as necessary to support the experiments. In total, 201 man-
hours were required to conduct the experiment. Other resource

requirements included: mirror stereoscopes with 3x magnifica-
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tion and a quiet isolated area to conduct the experiments. The
type of people required to evaluate the stereomodels needed to
be representative of the population whose jobs require viewing
stereo imagery. Only four agencies are large enough to have
sufficient image analysts, photointerpreters, terrain analysts, or
photogrammetrists that meet this criteria. They are the Defense
Mapping Agency (DMA), the National Photographic Interpreta-
tion Center (NPIC), the United States Geological Survey
(USGS), and the United States Army Engineer Topographic
Laboratories (USAETL). Since the USGS had provided photo-
graphic laboratory support to prepare the stereogram cards,
NPIC, DMA, and USAETL were contacted. Drs. James Case and
Cliff Kottman at DMA's Systems Center, Dr. David Alspaugh at
the DMA Aerospace Center, Dr. James Baker at NPIC, and Dr.
Joseph Del Vecchio at USAETL agreed to sponsor the experi-
ments at their respective agencies. The overall sponsoring
agency was DMA. Each agency agreed to provide 36 evaluators
and 2 evaluation administrators.

In early March 1988 I flew to Washington, D.C. and briefed
each agency on the experimental concept. On this trip I also
spent a day at each agency training the evaluation administra-
tors, who also participated in the evaluation. Trained admin-
istrators helped to reduce differences and bias between organi-
zations. At this time tests were conducted to verify that there
were no significant differences between the instruments being
used at each site. It was determined that mirror stereoscopes

with magnification greater than 2.5x and Delft scanning stereo-
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scopes set with greater than 2.5x magnification gave the same
results. The scanning stereoscopes required less movement of
the photographs, and reduced the chance of mismatching images
forming a stereopair. For example, pairing left image position
7 with right image position 6.

Part of the administrator’s training included techniques in
identifying blunders, such as mismatching images. The struc-
ture of the test booklet provided clues to spotting blunders.
Comparing the DIGKE) entry with the model's rating entry for
consistency could identify blunders. Also, turning the rating
sheet on its side gives a plot of xj-values to position and would
show blunders; the administrators were instructed not to dis-
close this characteristic to the evaluators. |

The actual experiments were conducted during the months of
March and April 1988 and all results were received by mid-May
1988. Of the 108 booklets provided the 3 agencies to conduct

the experiment, 107 were used and returned.



CHAPTER 6
EXPERIMENTAL RESULTS

ntr ion

In this chapter statistical and quantitative analysis of the
numerical data obtained from the stereoscopic fusion experi-
ments will be presented. Before proceeding with the analysis,
it is valuable to relate these experiments to a familiar phenome-
non. It must be borne in mind that these data are based on
qualitative values generated from the evaluators’' subjective
assessments of fusion quality. The hypothesis is based on cor-
relating a mathem_atically derived value, xj, with the subjective
ratings obtained from the evaluators to determine if x; is 'a cri-
terion for stereo fusion. This is analogous to trying to deter-
mine if temperature (T) is a criterion for feeling uncomfortable
(hot or cold) and if T is directly related to the performance of
some specific activity. We know that, in the case of tempera-
ture, other factors such as wind chill and humidity affect com-
fort and performance. We also know that, in the case of tem-
perature, performance varies with the type of activity being
done. One would also expect temperature to affect individual
people differently. In other words, there is a high degree of
variance in rating comfort between individuals. To determine if
T is a criterion for a specific activity, we could design an
experiment where a number of people do the activity in an iso-
lated environment where there was no wind, and where humidity

was controlled: One would expect results from the experiment
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would show that there. is a threshold where the majority of
individuals could not perform the activity comfortably and at
some point most, if not all, of the people could not perform the
activity. The experiment to determine if X is a criterion for
stereo fusion is analogous to the T experiment described. And
like the relationship of comfort ratings to T, one might expect a
high degree of variance in the fusion rating between individu-
als, particularly as xj approaches the stereo disparity threshold
if X is a criterion for stereo fusion. Keeping in mind the type
of data being analyzed, this chapter will use statistical and ana-
lytical tools to investigate the data acquired in the experiments
and to analyze the results. Each part of the experiment will be

addressed in turn,

ry 1;: Unr ifi Im I

A total of 118 out of 119 evaluators participating in the
experiments completed the Part 1 evaluations. In addition to
the 107 (out of 108) booklets returned from the 3 agencies
involved in the experiments, 12 other evaluations were used,
including those who took the pretest. One person was unable to
complete the stereomodel evaluations. This individual,
although previously tested for stereo vision, could no longer
fuse image pairs. The data from the Part 1 experiments, which
required the evaluators to subjectively rate unrectified stereo-
models, was extracted and entered onto the tables contained in
Appendix F. The tables in Appendix F also contain the compu-

tation results for each stereogram set.



After extracting the data, statistical analysis was done using
StatWorks and Cricket Graph software packages by Cricket
Software Inc. A series of least-squares regression curves and
correlation coefficients were computed comparing scores to xj
values. The least-squares line approximating the set of points

(X1,¥1)>* * =+, (Xn,¥n), has the equation

yi = a + bxj, (6.1)

where the constants a and b are determined by solving simulta-

neously the normal equations below for the least-squares line.

2z Vyi= an  + b ¥ xj
i=1 i=1
n n n
Z xiyi=2a%Y xi +Db X x;? (6.2)

The linear or simple correlation coefficient (p) of the least-

squares regression line is computed from the standard errors

Ox,0y and Gyxy; the least-squares curve has the property of hav-
y ¥ q property

ing the smallest standard error.

3 (ki - i - P)
o - _ i< (6.3)

Gxoy n ' - n ‘ -
X (% - x) __):1 (yi - ¥)
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The above relationships for a line can be extended to the
least-squares parabola or second order polynomial which fits a
set of sample points given by

yi = a + bxj + cxj2, (6.4)

where a, b, ¢ are determined by the normal equations below.
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Simple and second order polynomial regression correlation
coefficients were computed comparing each evaluator’'s ratings
of the stereomodels to each model's computed x; value. Figure
6-1 shows the histogram of the relative frequency distribution
for all the evaluators' simple regression correlation coeffi-

cients.
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Figure 6-1. Histogram of simple regression correlations.



Figure 6-2 is a histogram of the relative frequency of all the
evaluators' second order polynomial regression correlation

coefficients before rejecting any ratings.
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Figure 6-2. Histogram of polynomial correlations.

To determine if any of the evaluations should be rejected, an
analysis of the ratings of the evaluators with simple correla-
tions of p < 0.5 and polynomial correlation of p < 0.6 was
done. In total, nine individual's ratings were in these cate-
gories (Figures 6-1 and 6-2), they represented 7.6% of the total
evaluations. The analysis showed that three individuals
appeared to be able to fuse a greater range of xj values than the
average evaluator. The other six evaluators in this category
appeared to have very erratic readings which could have been
the result of improperly aligning the left and right images of the
stereopair by either a column or a row. None of these nine

individual's ratings for Part 1 was used in the analysis.
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After rejecting evaluations for correlation, the arithmetic
average or mean of the remaining evaluators' ratings by stereo-
model were computed. To remove blunders due to misalign-
ment, individual's ratings which varied more than four numbers
from the stereomodel’'s mean rating were rejected. In total, 56
readings, or 2% of the total readings, were rejected as blunders
(see Appendix F).

After rejecting suspect ratings, second order polynomial
regression correlations were again calculated for each of the
evaluators. Figure 6-3 shows the histogram of the relative

frequency of adjusted individual correlations.
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Figure 6-3. Histogram of final polynomial correlations.

New mean ratings for stereomodels were then computed for
each stereogram position on all six cards, and simple and poly-
nomial correlations computed for each stereogram version and

each agency. The mean ratings used for these computations is



shown in the "MEAN (ALL)" columns of the data summary

tables in Appendix F.

Table 6.1 shows the simple correlation matrix of the six

stereogram versions.
coefficients were computed between the x; values and mean rat-
ings for each stereogram version.

tions were also computed between versions comparing mean rat-

Simple or linear regression correlation

In addition, simple correla-

ings by card position to determine if the stereogram versions

were equivalent.

___Version

X 1 2 3 4 5 6
X 1 0.942 | 0.896 [ 0.882 [ 0.887 | 0.886 [ 0.892
1 0.942 1 0.919 | 0.963 [ 0.919 | 0.934 | 0.949
2 0.896 | 0.919 1 0.942 ] 0.950 | 0.915 [ 0.913
3 0.882 | 0.963 | 0.942 1 0.955 | 0.906 [ 0.918
4 0.887 |1 0.919 [ 0.950 | 0.955 1 0.917 | 0.908
5 0.886 | 0.934 | 0.915 [ 0.906 | 0.917 1 0.955
6 0.892 |1 0.949 | 0.913 | 0.918 | 0.908 [ 0.955 1
Table 6.1. Simple correlation matrix of stereogram versions.

Table 6.1 indicates no substantial differences in the stereo

fusion ratings on the six stereogram versions used in the exper-

iments. This result is significant because the stereomodels

assigned to each stereogram card position were different, and

the only criterion of assignment to a card position was the

stereomodel's xj value.

Table 6.2 shows the polynomial regres-
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sion correlation coefficient between a stereomodel's mean rating
and its xj values for each of the six stereogram card versions.
Plots of the polynomial regression curves for each of the

stereogram card versions are shown in Appendix F.

_ Version _
1 2 3 4 5 6
p 0.969 0.961 0.952 0.955 0.973 0.956

Table 6.2. Sterecogram version's polynomial correlations.

Having established that all six versions of the stereogram
cards were equivalent, the mean ratings by position were over-
laid on Figure 5-8, where each stereomodel's xj value position

was plotted, as shown in Figure 6-4.
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Figure 6-4. Plot of ratings by card position.
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The rating's overlay has been aligned such that position 1,
rated 7 on the fusion scale, aligns with 60° on the x; scale; and
0 on the rating's scale corresponds with the minimum x; value.
This plot shows a strong correspondence between xj value and
stereoscopic fusion quality. The plot also shows that the qual-
ity of fusion changes relatively smoothly from good to poor
stereo fusion, a result not found in the original 1981 experi-
ments.

To determine if the different evaluating agencies provided
equivalent populations, correlation coefficients were computed
for each agency. Table 6.3 shows the matrix of simple corre-
lation coefficients between agency mean ratings, overall mean,

and each stereomodel's xj values.

— Agency —

X MEAN NPiIC DMA USAETL]| Others
X 1 0.892 0.841 0.902 | 0.854 0.787
MEAN 0.892 1 0.966 0.959 | 0.973 0.890
NPIC 0.841 | 0.966 1 0.878 | 0.921 0.888
DMA 0.962 | 0.959 0.878 1 0.916 0.806
USAETL|[|0.854 [ 0.973 0.921 0.920 1 0.836

Others 0.787 [ 0.890 0.888 0.806 | 0.836 1

Table 6.3. Simple correlation matrix of agency ratings.

Table 6.3 also shows that the non-agency group of evaluators,
comprised primarily of individuals not normally working with

stereo images as part of their job, had the lowest correlation



with other groups and the stereomodel xj values. The USAETL
ratings fall between the other agencies' ratings and correlate
best with the overall mean ratings.

Figure 6-5 illustrates a plot of the mean ratings and the sim-
ple or linear regression line of mean ratings on the xj values.
The general shape of the scatter plot of mean values in Figure

6-5 fits a polynomial curve.
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Rating = 2.207579 + 0.088335 xj

Figure 6-5. Simple regression of mean ratings on xj.

Polynomial correlations were computed between agencies and
the mean of all agencies on x; as shown by the correlation
matrix in Table 6.4. As expected, the polynomial correlations
between agencies are not substantially different than the simple
correlations. However the polynomial correlations between
ratings and xj values show considerable improvement over the

simple correlations. The non-agency group of individuals con-
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tinues to have the lowest correlation.
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The polynomial regres-

sion curves for each of the agencies are shown in Appendix F.

— Agency —e
Xj MEAN NPIC DMA USAETL| Others
X 1 0.954 0.911 0.933 ] 0.932 0.841
MEAN [[0.954 | 1 0.967 | 0.961 | 0.976 | 0.896
NPIC 0.911 | 0.967 1 0.883 | 0.923 0.894
DMA 0.933 | 0.961 0.883 1 0.920 0.817
USAETL||0.932 | 0.976 0.923 [ 0.920 1 0.847
Others 0.841 | 0.896 0.894 [ 0.817 [ 0.847 1
Table 6.4. Polynomial correlation matrix of agency ratings.

Figure 6-6 shows the polynomial regression curve of mean

ratings on the xj values.

The scatter plot around the regression

curve shows that in the region 10° < xj < 20° there is more

uncertainty than in other regions of the curve.
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Figure 6-6.

Polynomial regression of mean ratings on xj.
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It is in this region where stereo fusion goes from good to
poor. All ratings below 4 have xj values less than 20°, and all
ratings above 4 have xj values greater than 10°. The scatter
plot also shows a rapid loss of stereo fusibility around 20°.
This could explain the abrupt transition from good fusion to
poor fusion found in the 1981 experiments where a continuous
range of stereomodel geometries was not availabl‘e to plot the
change between good and poor fusibility.

To ensure the acquisition of easily fusible stereomodels for a
large group of people using stereomodels, an X-limit can be cal-
culated from the equation of the regression curve. For example,
a rating of 5 on the stereo fusion scale results in an X-limit of
23.8° for acquiring unrectified stereomodels that can be éasily
viewed using a mirror stereoscope. The mean ratings for all
but one of the stereomodels with x; > 23.8°, were greater or
equal to 5 on the fusion scale. The stereomodel occupying
position 7 on the version 1- stereogram card had a mean rating of
4.944 where xj = 29.922°. Examination of this pair reveals a
difference in image contrast and quality between the left and
right image of this particular stereopair. This seems to have
affected the NPIC and other evaluators resulting in the lower
rating for this case. Thus in an overall sense, the high correla-
tion between a stereomodel’'s computed xj value and stereo
fusion, demonstrates that x; provides a good criterion for pre-
dicting stereo fusion and can be used as a criterion for evaluat-

ing fusible stereomodels.
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To determine if there was a hysteresis effect when going
from high xj values (good stereo fusion) to low xj values (poor
stereo fusion) and from low to high x; values, x; regression
curves were computed for positions 1 to 13 and positions 13 to

25 as shown in Figures 6-7 and 6-8.
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Rating = 1.602202 + 0.169411 x; - 0.001314 x;2
Figure 6-7. Regression of mean ratings on high to low

values of xj.

Hysteresis in this context represents the difference between
the ability of the human stereomechanism to acquire and retain
fusion between two stereo scenes. Hysteresis limits are sensi-
tive to the presence of competing stereoscopic stimuli. The
scatter diagrams in Figures 6-7 and 6-8 show no hysteresis
effect based on having viewed a good or poor fusion scene prior
to evaluating the next scene. The calculated rating using an x;j
value of 23.8° in the regression equation for Figure 6.7 is

4.99, and for Figure 6-8 the rating is 5.06. The absence of a



hysteresis effect is probably the result of varying the height of
the objects between scenes so that a prior fixation on a scene

did not help in fusing the next scene.
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Rating = 1.518698 + 0.187816 x; - 0.001647 x;2

Figure 6-8. Regression of mean ratings on low to high

values of xj.

To determine if any other geometric parameter could provide
a criterion for determining stereo fusion, polynomial correlation
coefficients were computed for the convergence, roll, asymme-
try, bisector-elevation angle, and base-height (B/H) ratio.
Table 6.5 shows the matrix of polynomial correlation coeffi-
cients between these parameters. The relationships in Table 6.5
are consistent with the 1981 experiments with the exception of
the high correlation between B/H ratio and the mean rating
scores. A factor that may have contributed to this result is that
all the camera positions used to create the stereomodels in this

experiment were at the same flying height.

17
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Parameter

MEAN Xxi JCONV]| ROLL] ASY | BIE B/H
MEAN 1 0.954| 0.780] 0.562| 0.446]| 0.589 | 0.934
X 0.954 1 0.703| 0.700| 0.582| 0.770 | 0.883
CONV]|] 0.780 | 0.703 1 0.267] 0.507] 0.066 | 0.917
ROLL || 0.562 | 0.700] 0.267 1 0.258] 0.795 | 0.450
ASY 0.446 | 0.582| 0.507] 0.258 1 0.694 | 0.409
BIE 0.589 | 0.770] 0.066] 0.795| 0.694 1 0.468
B/H 0.934 | 0.883] 0.917] 0.450| 0.409] 0.468 1

Table 6.5. Polynomial correlation matrix of geometric

parameters.

Figure 6-9 shows the scatter plot and regression curve for
mean rating on B/H ratio. If B/H ratio were used as a stereo
fusion criterion, a B/H-limit could be calculated from the equa-
tion of the regression curve. For example, a rating of 5 on the
stereo fusion scale results-in a B/H-1imit of 0.815 for acquiring
stereomodels that can be easily viewed using a mirror stereo-
scope. The mean ratings of 4 stereomodels with B/H < 0.815,
are less than 5 on the fusion scale. The 4 stereomodels that do
not meet the B/H criterion are positions 7, 8 and 16 on stereo-
gram 1 and position 8 on stereogram 3 with base height ratios
of 0.54, 0.73, 0.81 and 0.70 respectively. Although there is a
high correlation between a stereomodel's computed B/H value
and stereo fusion, the xj criterion for predicting stereo fusion
appears to be more reliable than the B/H criterion for ensuring

the acquisition of fusible stereomodels.
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Figure 6-9. Regression of mean ratings on B/H ratio.

The distribution of stereomodel B/H ratios used in the exper-
iments is shown by Figure 6-10. In designing the experimental
stereomodel stereograms no attempt was made to distribute B/H

ratio equally throughout the stereomodels.
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Figure 6-10. Distribution of B/H ratios in stereomodels.



The unexpected high correlation between B/H ratios and other
parameters requires further analysis. The relationships between
base-height ratio and asymmetry, roil, and convergence are
developed below. The angles and distances shown in Figure 6-
11 are the same as in Figure 3-6. Figure 6-11 illustrates the
single pass stereomodel geometry, the air base between the two
camera stations is represented by B, and the distance from cam-
era station 2 to the normal ray intersection with the flight line

by b.

Figure 6-11. Derivation of B/H ratio.

From Figure 6-11

B+b.—.D4tan(a+;7) (6.6)

30



b= D4 tan (& — 2 7) (6.7)

B = D4 (tan (o + 2 7) - tan (& — - 7)) (6.8)

Equation 6.8 can be expanded using the trigonometric identities

for tangent function summations.

tan{o) + tan(%- v) tan{a) — tan(;— )
B =Dy 7 — Dy ] (6.9)
1 — tan(o) tan(; ) 1 + tan{(a) tan(; )
(tan2(a) + 1) 2tan(;— Y)
B =Dy I (6.10)
1 - tan2(w) tanz(z Y)
e . .. .. sin2(w)
Substituting the trigonometric identities tan2(a) = ————,
cos2(a)
. 1
sin(5 vY) :
tan(;— Y) = — 2 - and 2sin(;— Y) = ﬂELinto equation
cos(E ) cos(i )

6.10, multiplying the numerator and denominator by 2008(;— 7)

and collecting terms yields equation 6.11.

sin(y)

B=D
4 2 1 — cos(y)
cos<(m) — ( 5 )

(6.11)

A 2sin(y)
2cos2(a) + cos(y) - 1

(6.12)

81



82

Dividing by H to get the B/H ratio and substituting the relation-

ships in Equation 3.2 and 3.3 into Equation 6.12.

_ 2sin(y) (6.13)

cos(Q)(zcos?-(a) + cos(y) - 1)

1| o

Equation 6.13 relates B/H to the asymmetry, roll and conver-
gence angles. If the roll angle equals 0° in Equation 6-13 and
cos(L) equals 1, increasing asymmetry increases the B/H ratio.
Figure 6-9 shows that as the B/H ratio increases the stereo

fusion ratings get lower. When asymmetry or o equals 0°,

Equation 6.13 becomes

B 2sin(y)

2 _ 6.14

H cos(Q)(cos(‘y) + 1) o ( )
2tan(1— Y)

B 2

g = ——————, 6.15

H cos(Q) - ( )

Equations 6.14 and 6.15 show when the roll angle increases,
cos(f2) gets smaller and the B/H ratio increases. Figure 6-9
shows that as B/H ratio increases, stereo fusion quality ratings
get lower. Similarly increasing the convergence angle also
increases the B/H ratio and reduces stereo fusion quality.
Therefore the relationship of B/H ratio to stereo fusion is simi-
lar to the relationship of xj to stereo fusion. Equation 6-13 can

also be written to include the bisector elevation angle (B) using

Equation 3.1.
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_ 2sin(y) (6.16)
sin(B)cos(a) + cos(Q) cos(y) — cos(Q)

|

This research demonstrates that both B/H ratio and x; provide
criteria for the acquisition of fusible stereomodel. The x; crite-
rion has the advantage of being less complex. In addition the
equation for x;j provides an angular relationship that relates
easily to the geometry parameters of the stereomodel and there-
fore is easier to visualize. The mathematical model and defini-
tions used to develop the bisector elevation angle, asymmetry,
roll, and convergence angle provide a basis for understanding
how B/H ratio influences stereo fusion and a deeper insight into
how stereomodel geometry affects stereo fusion. The equations
for x; and B/H ratio developed in this research also prove con-
clusively that asymmetry, roll and convergence all effect stereo
fusion. The remarkably high correlations between stereomodel
geometry and the subjective quality ratings demonstrates how

sensitive the human brain is to stereo fusion.

Part 2: Rectified Imagery

The introduction of photogrammetric workstations that pro-
vide near real time rectification of digital imagery should sig-
nificantly improve the stereoscopic fusion of variable geometry
stereomodel. Part 2 of this experiment was performed to deter-
mine how much improvement in stereo fusion could be expected

through rectification.
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The experiment in Part 2 duplicated that in Part 1 except
instead of rating unrectified stereomodels, the raters evaluated
rectified stereomodels. To maintain the same baseline used in
the Part 1 experiment, the stereomodel at position 1 on the
stereogram cards was the same unrectified model used in the
Part 1. In addition, six stereopairs using right and left images
of different scale were randomly distributed throughout the
stereograms as a quality check on the ratings. The scale vari-
ation between the two images forming the stereomodel was 11%.
This scale difference affected ratings by at least 2 points on the
rating scale in 70% of the readings. Data for Part 2 evaluations
and data summaries are in Appendix G.

Data analysis for Part 2 followed procedures similar to those
used in Part 1. Second order polynomial regression correlation
coefficients were computed comparing each evaluator's ratings
of the stereomodels to each model's computed x; value. Figure
6-12 shows the histogram of the relative frequency distribution
for all the evaluators' polynomial regression correlation coeffi-
cients before rejecting any ratings. Figure 6-12 indicates there
may be two different groups of evaluators. A low correlation
between xj and ratings should reflect improved fusibility due to
rectification. It would appear from looking at Figure 6-12 that
approximately 40% of the evaluators' ratings are affected by
rectification. To ensure blunders due to misalignment were not
influencing the results, the same rejection criterion used in Part
1 was applied to the Part 2; readings varying more than four

numbers from the stereomodel's mean rating were rejected.
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Once rejected, a reading was not used in the final mean even if
it was within 4 numbers (see Appendix G). In total, 123 read-
ings, or 4.5% of the total readings were rejected as blunders.

This was over twice the number of rejections made in Part 1.
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Figure 6-12. Histogram of Part 2 polynomial correlations.

After rejecting suspect ratings, néw polynomial correlations
were computed for each evaluator. Polynomial correlations and
the number (p» < 0.6) of evaluators with correlations less than
0.6 were also computed for each stereogram version as shown in
Table 6.6 and Appendix G. The variations among correlations
between stereogram versions are considerably greater in Part 2
when compared to Part 1 (Table 6.2). The relatively large vari-
ation between versions appears to be a function of the random
distribution of the two groups of individuals shown in Figure

6-12, rather than differences in versions or quality of readings.



Graphs of the polynomial regression curves of each of the

stereogram card versions are shown in Appendix G.

) version
1 2 3 4 5 6
D 0.866 0.841 0.935 0.746 0.931 0.920
p+<0.6 10 9 5 12 7 3
Table 6.6. Part 2 version's polynomial correlations.

Figure 6-13 shows the histogram of the relative frequency of
adjusted individual correlations. The increment interval plotted
on the correlation axis has been halved to take a closer look at

the distribution.
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Figure 6-13. Histogram of Part 2 adjusted correlations.
At the interval shown in Figure 6-13 there appear to be at
least three different groups, therefore no individual's ratings

were rejected based on correlations.
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Figure 6-14 shows the plot of the mean ratings and the sim-
ple regression line of mean ratings on the xj values. The gen-
eral shape of the underlying scatter plot of mean ratings for
rectified imagery looks similar to the unrectified ratings and

appears to fit a polynomial curve.
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Rating = 5.071785 + 0.032576 x;
Figure 6-14. Simple regression of Part 2 mean ratings on xj

of rectified images.

Figure 6-15 shows the polynomial regression curve of mean
ratings on the xj values. The scatter plot around the regression
curve shows that in the region -10° < x; < 10° there is more
uncertainty than in other regions of the curve. Rectification has
shifted the uncertainty area at least 10° below that found with
the unrectified imagery. In addition, the intercept of the
regression line on the ratings axis when x; = 0° is 4.7 for rec-
tified imagery as compared to 1.4 for unrectified imagery.

There also appears to be a less abrupt change from good to poor
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fusion when using rectified imagery as compared to unrectified

imagery.
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Rating = 4.723166 + 0.079773 x; - 0.000793 x;2
Figure 6-15. Polynomial regression of Part 2 mean ratings

of rectified images.

Using the same example presented in Part 1, a rating of 5 on
the stereo fusion scale results in an X-limit of 3.5° as the point
at which rectified stereomodels can be easily viewed using a
mirror stereoscope. This represents a 20° improvement in the
xj acquisition window over unrectified imagery. The mean rat-
ings of 5 stereomodels below 5 on the fusion scale had x; >
3.5°, with the x; values for these stereopairs ranging from
6.775° to 14.690 (see Appendix G). An X-limit of 10.5° would
have resulted in one exception similar to the Part 1 results, and
a full 13° below the X-limit for unrectified imagery.

The differences between rectified imagery and unrectified
imagery are shown in the scatter plot and regression curve in

Figures 6-16 and 6-17. Figure 6-16 shows the regression curve



of the difference between unrectified and rectified imagery.

The increased acquisition window in term of xj values is illus-
trated in Figure 6-17 by the difference in regression curves
between unrectified and rectified imagery. This difference
represents the improvement in stereo fusion that can be obtained

through rectification.

— ey =

Rating = 3.271467 + 0.109090 x; - 0.000844 x;2

Figure 6-16. Regression of differences between Part 1 and

Part 2 mean ratings on xj.
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Figure 6-17. Part 1 and Part 2 regression curves.
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This result is of particular interest to the photogrammetrist
when deciding whether to operate in a digital production envi-
ronment or a hardcopy. production environment. For example,
the Defense Mapping Agency which is building their Digital
Production System (DPS) will have the capability to use a
greater range of stereomodel geometries.

To complete the analysis, polynomial correlations were com-
puted for mean ratings and convergence, roll, asymmetry, bisec-
tor elevation angle, and base-height ratio (Table 6-7). As in the
case of unrectified imagery, xj and base-height ratio have simi-
lar correlations. Figure 6-18 shows the scatter plot and regres-

sion curve for mean ratings on the B/H ratio.

_ lersion ] _
Xi CONYVY ROLL ASY RIE B/H
P 0.831 0.739 0.477 0.303 0.427 0.844

Table 6.7. Stereogram version's polynomial correlations.
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Rating = 6.573865 + 0.660380 B/H - 1.407171 (B/H)?2

Figure 6-18. Regression of mean ratings on B/H ratios

of rectified images.
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Using the same exafnple presented in Part 1, a rating of 5 on
the stereo fusion scale results in an B/H-limit of 1.318 as the
point at which rectified stereomodels can be easily viewed using
a mirror stereoscope. This represents an improvement in the
B/H acquisition window over unrectified imagery of nearly 0.5
in B/H ratio. The mean ratings of three stereomodels below 5
on the fusion scale had B/H < 1.318, with the x; values for
these stereopairs ranging from 0.98 to 1.23 (see Appendices C
and G). The three stereomodels that did not meet the B/H crite-
rion of B/H < 1.318 also did not meet the X-limit criterion of x;j
> 3.5°. Therefore, having dual criteria requiring both a B/H-
limit and a X-limit would not yield a significant improvement.
The increased acquisition window in terms of B/H values is
illustrated in Figure 6-19 by the difference in regression curves

between unrectified and rectified imagery.
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Figure 6-19. Part 1 and Part 2 regression curves of mean

ratings on B/H ratio.



This difference represents the improvement in stereo fusion that
can be obtained through rectification as a function of the B/H
ratio.

The effect of rectification can be illustrated by taking the
convergence angle parameter and comparing unrectified and rec-
tified limits on stereo fusion. Figure 6-20 shows the unrecti-
fied Part 1 regression curve for convergence. Figure 6-21
shows the rectified Part 2 regression curve for convergence.
Figure 6-21 shows a substantial trend upward on the ratings
axis for a stereomodel with a given convergence. Figures 6-20
and 6-21 can be combined as shown in Figure 6-22 to illustrate
this shift. In Figure 6-22 different symbols are used to plot the
stereomodel rating in terms of the convergence angle for recti-

fied and unrectified stereomodels.
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Figure 6-20. Part 1 regression curve of mean ratings on

convergence angles of unrectified images.
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Figure 6-21. Part 2 regression curve of mean ratings on
convergence angles of rectified images.
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Figure 6-22.. Part 1 and Part 2 regression curves of mean

ratings on convergence angle.

Rectification in terms of convergence angle alone represents
an increase of approximately 15° in the acquisition window.
The impact of rectification on stereo fusion means that in terms

of mapping and charting, a greater range of stereo imagery



geometries can be used by the photogrammetrist, provided the
other criteria for MC&G imagery described in Chapter 2 are

met.

Part 3: Plate Imagery
When the two images forming a stereomodel are viewed
stereoscopically the perceived height or vertical dimension of
objects within the model can appear to increase relative to the
base or plane dimension of objects. This phenomenon is called
vertical exaggeration. Mathematically, vertical exaggeration can

be defined by the relationship

_ perceived height-to-base ratio of object (6.16)
~ actual height-to-base ratio of object :

If there were no vertical exaggeration then q = 1 and the
observer would perceive the height to base ratio as it actually
is. This, however, does not happen in practice nor is it desir-
able in terms of photogrammetry (Manual of Photogrammetry,
1980).

The perceived difference in heights of features in a stereo-
scopic model can also be increased by magnification. While
magnification preserves the true height-to-base ratio of objects,
it reduces the field of view. Vertical exaggeration, on the other
hand, increases the apparent height of objects while maintaining
the same field of view. This is of importance to photogramme-

trists because it allows for more precise height measurements to
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be made without reducing the amount of area being viewed at -
one time. The variables related to viewing a stereomodel can be
divided into two basic.categories; stereomodel variables and
viewing variables. Stereomodel variables include those stereo-
model geometric parameters related to camera position, camera
attitude, and camera calibration and the overall and relative
relief of the terrain being photographed. Viewing variables
include eye-to-photograph distance, photograph separation,
viewer's eyebase and other eye characteristics, and eye location
relative to the viewing instrument.

Numerous attempts have been made to relate the perception of
vertical exaggeration to the geometry of vertical or near vertical
stereomodels. Unfortunately, none of the proposed equations
relating vertical scale exaggeration to stereomodel geometry has
received broad acceptance within the photogrammetric commu-
nity (LaPrade, 1972; Rosas, 1986). I could find no attempts to
directly relate vertical exaggeration to the variable geometry of
convergent or pointing camera stereomodels.

Part 3A of this experiment was performed to acquire data to
develop a hypothesis about the relationship between variable
geometry stereomodels and vertical exaggeration. Part 3B of
this experiment was performed to acquire data on vertical exag-
geration related to rectified or vertical photography stereomod-
els. The Part 3 experiments were added to the original stereo
fusion experiment at the request of the Defense Mapping Agency

and were not designed to test any specific hypothesis.



The experiment in Part 3 was developed using the same
stereogram design used in Parts 1 and 2. The Part 1 stereogram

models were modified to show the "plate” objects described in
Chapter 5 and Appendix A. The unrectified plate imagery was
used in the Part 3A experiment. In this experiment the evalua-
tors were asked to estimate the height of Object I and the height
of another specified object in each stereomodel. Throughout the
experiment the height of Object I was held constant. The other
specified object in each stereomodel and its height varied with
each stereogram on each card version of the experiment. Part
3B requested each evaluator estimate the height of only Object I
in each stereomodel using the Part 2 rectified stereogram cards.
The actual height-to-base ratio of Object I throughout the exper-
iments was 1:4.

Data analysis for Part 3A followed procedures similar to
Parts 1 and 2. Only the estimated heights of Object I were used
in the analysis. Since each evaluator perceived the height of
Object I differently, it was necessary to normalize the data to
compare height estimates for the same stereomodel. Normaliza-
tion was done by dividing each evaluator's height estimates of
stereomodel positions 2 thru 25 by their height estimate of the
position 1 stereogram. Mean normalized values and standard
deviations of the mean were computed for all stereogram posi-
tions. This procedure provided a vertical exaggeration value

(Ey) for each stereomodel. Height estimates and mean values

for Part 3A are in Appendix H.
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Second order polynomial regression correlation coefficients
were computed comparing the (Ey) for each sterecomodel to each
model's convergence angle, x; value, and B/H ratio; Figures
6-23, 6-24 and 6-25 show the polynomial regression curves of
the computations. These figures depict the entire geometric
range of stereomodels in the experiment, including those pre-
viously determined by Part 1 experiments to be non-fusible or
difficult to fuse. Using the entire data set there appears to be
no strong correlation between any of the tested stereomodel
geometry parameters (convergence angle, xi value, or B/H ratio)

and vertical exaggeration.

0° 10° 20° 30° 40° 50° 60°

Convergence

Ey = 0.050051+ 0.036179 v - 0.000556 y2

Figure 6-23. Part 3A regression curve of mean Ey estimates

on convergence angle.
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x; values
Ev = 0.359753 + 0.008674 x; - 0.000077 x;2
Figure 6-24. Part 3A regression curve of mean Ey, estimates

on Xj.

B/H Ratio

Ey = 0.199378 + 1.120901 B/H - 0.691423 (B/H)?2
Figure 6-25. Part 3A regression curve of mean Ey estimates

on B/H ratio.

A majority of the evaluators commented on how difficult it
was to estimate the plate figure heights in Part 3A. This may

be the reason for the high variation exhibited between individ-
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uals' estimates (see Appendix H, standard deviation values).
To get a more valid indication of whether these parameters
relate to vertical exaggeration, polynomial correlations were
computed for only those models where the x; value exceeded
23°. Figure 6-26 shows the regression curve for the conver-
gence angle of fusible models and a strong correlation between
vertical exaggeration and convergence angle. The vertical dis-
persion of exaggeration values about the regression curve at
each convergence angle value suggests the systematic influence

of another parameter on vertical exaggeration.

1.5

oL
¥

0° 10° 20° 300 40° 50°

Convergence

Ev =0.107625+ 0.025912 ¥ - 0.000120 v2

Figure 6-26. Part 3A regression curve of mean Ey estimates

(xj < 23°) on convergence angle.

Since roll and asymmetry have the effect of reducing vertical
exaggeration, the convergence angle was multiplied by the sine

of the bisector elevation angle and correlations computed. The



resulting regression curve (Figure 6-27) shows mean Ey esti-.
mates to be more randomly distributed about the regression
curve indicating a parameter dependent upon convergence, roll

and asymmetry is needed to describe vertical exaggeration.

1.5

0° 10° 20° 30° 40° 50°
Convergence * Sin ( B)

Ey = 0.160475+ 0.023061 v sin (§) - 0.000045 (y sin (B))2

Figure 6-27. Part 3A regression curve of mean Ey estimates

(xj < 23°) on v sin (B).

The regression curves for x; values and B/H ratios, parame-
ters dependent upon convergence, roll and asymmetry angles,
are shown in Figures 6-28 and 6-29. Figure 6-28 shows there
is no direct correlation between xj values and vertical exaggera-
tion in unrectified imagery obtained from pointing camera sys-
tems. On the other hand, the parameter B/H ratio appears to
correlate with vertical exaggeration for this type of imagery as

shown in Figure 6-29.
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X; values

Ey = 0.163108 + 0.017949 x; - 0.000177 x;2
Figure 6-28. Part 3A regression curve of mean Ey estimates

(xi < 23°) on xj.

1.5
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B/H Ratio

Ey = 0.000555 + 1.894817 B/H - 1.034264 (B/H)?
Figure 6-29. Part 3A regression curve of mean Ey estimates

(xij < 23°) on B/H ratio.

As illustrated by Figures 6-26 and 6-29 convergence angle

correlates better with vertical exaggeration than B/H ratio and
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there is also a slight improvement in convergence angle corre-
lation when conditioned by bisector elevation angle.

With the exception of estimating heights using the rectified
stereograms of Part 2 instead of unrectified plate stereograms,
the experiment in Part 3B duplicated that in Part 3A. The
stereomodel at position 1 on these stereogram cards was the
same unrectified model used in the Part 1 experiments. In addi-
tion, six stereopairs on the Part 2 stereograms had stereomodels
where the right and left images were of different scales. The
data for height estimates of Part 3B are in Appendix H. Data
analysis for Part 3B followed procedures similar to those used
in Part 3A. Height estimates for Part 3B were normalized using
the position 1 stereogram estimate for Object I and mean values
computed for each stereogram position. Correlation coefficients
were computed using all data and models except for those posi-
tions where unrectified and different scale stereomodels were
used.

To visualize the geometric relationships between an unrecti-
fied and rectified stereomodel, Figure 6-30 shows a symmetric
stereomodel and how x-parallax resulting from the height of an
object changes with rectification. In Figure 6-30, Ax; = Ax>
and Ax;r = Ax2r and the relationship between rectified x-paral-
lax,Axr and unrectified x-parallax,Ax is shown below.

Axg Axir + szR__ZAle

= = > 1 (6-17)
Ax Ax] + Axz 2Ax
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RECTIFIED PHOTOS _
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Figure 6-30. Effect of rectification on x-parallax.

The advantages of rectification include not only improved
fusion; rectification also increases x-parallax resulting from the
height of an object, and hence increases vertical exaggeration
allowing for more precise height determinations (see Equation
6.17). Therefore the vertical exaggeration values Ey from Part
3B should be higher than those determined in Part 3A because
of rectification. Following the same procedures used in Part
3A, second order polynomial regression correlation coefficients
were computed comparing mean Ey values of the stereomodels

to each model's computed convergence angle, x; value and B/H
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ratio. Figures 6-31, 6-32 and 6-33 show the regression curves

resulting from these computations.

Convergence

Ey = 0.326502+ 0.034865 v - 0.000154 2
Figure 6-31. Part 3B regression curve of mean Ey estimates

convergence angle in rectified images.

x; values

Evy = 1.764157 - 0.024135 x; - 0.000041 x;2

Figure 6-32. Part 3B regression curve of mean Ey estimates

on xi in rectified images.
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B/H Rato

Ey = 0.260007 + 1.559823 B/H - 0.348508 (B/H)?
Figure 6-33. Part 3B regression curve of mean Ey estimates

on B/H ratio in rectified images.

Figures 6-32 and 6-33 show that for rectified stereomodels
both x; value and B/H ratio correlate to vertical exaggeration.
This supports one of the few points of agreement among the
authors of the literature on this subject: that there is a strong
direct correlation between vertical exaggeration and B/H ratio
using near vertical photography stereomodels (Rosas, 1986).
This also supports LaPrade's (1973) conclusion that the appar-
ent height-to-base ratio and hence vertical exaggeration does not
change for objects that are not symmetrically located with
respect to the camera stations in vertical photography. Also, it
would appear from the above results, particularly those related
to B/H ratio, that for mean Ev values derived from a number of
evaluators, non-stereomodel or viewing variables have little

effect on observed vertical exaggeration.
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A comparison of rectified imagery and unrectified imagery -
(x;j < 23°) regression curves of mean Ey values relative to con-
vergence angle is shown in Figure 6-34. The similarity of the
two curves in Figure 6-34 is striking. The difference between
rectified and unrectified vertical exaggeration appears nearly

constant,

0 t { } t
0° 10°  20°  30° 40°  50°  60°

Convergence

Figure 6-34. Part 3A and Part 3B regression curves of mean

Ey estimates on convergence angle.

Figure 6-35 shows the unrectified and rectified imagery
regression curves comparing Ey in terms xj values. The two
curves in Figure 6-35 are completely different. To determine
the correlation of this difference to the vertical exaggeration, a
regression curve and correlation coefficient were computed.

Figure 6-36 shows the regression curve of the difference
between Ey rectified (R) and Ey unrectified (U) imagery in

terms of xj.values. There appears to be a correlation in the



difference Ey(R)-Ev(U) and xj.value, indicating a mathematical
relationship exists that should describe unrectified steréeomod-

els.

xj values

Figure 6-35. Part 3A and Part 3B regression curves of mean

Ey estimates on Xxj.

: :
20 30 40 50 60 70 30

X; values
AEy = 1.663189 - 0.048611 x; - 0.000369 x;2
Figure 6-36. Regression of difference between Part 3A and

Part 3B mean Ey estimates on xj.
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Since vertical exaggeration is greater for rectified or near -
vertical photography (where p = 90°) than for unrectified pho-
tography and increases with convergence angle, a parameter that
increases with convergence and bisector elevation angles might
relate to vertical exaggeration. For example, one could define a
parameter x'; = B + v for unrectified imagery as compared to
xi = B ~ v for rectified imagery to relate to vertical exaggera-
tion. Figure 6-37 shows the regression curve of mean Ey val-

ues on x'; for unrectified stereomodels (xj < 23°).

1.5

20 40 60 80 100 120 140
x; values
Ey =0.774472 - 0.016758 x'; + 0.000155 x';2
Figure 6-37. Part 3A regression curve of mean Ey estimates

(x; < 23°) on x'j in unrectified models.

To complete the analysis, polynomial regression curves for
rectified and unrectified stereomodels were compared for mean

Ey estimates on the B/H ratio (see Figure 6-38).
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24 Rectified

0.2 06 = 1.0 14 1.8
B/H Ratio
Figure 6-38. Part 3A and Part 3B regression curve of mean
E, estimates on B/H ratio in rectified and

unrectified models.

Once again the similarity of the two curves in Figure 6-38 is
striking. The difference between the rectified and unrectified
vertical exaggeration regression curves appears nearly constant
in relation to base-height ratio.

The high correlation (p = 0.931) between vertical exaggera-
tion and base-height ratio shown in Figure 6-33 leaves little
doubt that stereomodel geometry, and in particular this param-
eter, can be used to adequately describe mathematically vertical
exaggeration. This result is of particular interest to the pho-
togrammetrist since it reinforces the advantages of a fully dig-
ital production environment with the capability to perform dig-
ital rectification. For not only does this environment offer the
capability to use a greater range of stereomodel geometries, it
also allows for taking full advantage of the extra precision

inherent in rectified stereomodels particularly at lower base-
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height ratios that may be available in a variable geometry envi-

ronment. Figures 6-32 and 6-37 demonstrate that other geomet-
ric relationships exist that can also mathematically describe ver-
tical exaggeration in unrectified and rectified variable geometry
stereomodels.

This chapter provided detailed analyses of the results of the
experiments conducted to support this research. The analyses
are based on standard statistical procedures which rely on mean
values. It is important to note that in the height estimates used
to analyze the relationship between stereomodel acquisition
geometries and vertical scale exaggeration, there were large
standard deviations associated with the mean values. The
stereogram structure used in the experiments was designeﬁ to
test stereo fusion and not vertical exaggeration and lacked some
of the controls that should go into good experimental design.
For example, ideally the actual height-to-base ratio of Object I
should have been 1:1, and its base-height ratio also 1:1 to test
the hypothesis; base-height ratio is mathematically related to
vertical exaggeration. In addition, to ensure that all evaluators
were starting at a common point they should have been given the
value of the height of Object I. Without controls, it was not
possible to evaluate blunders and atypical height estimates
which may have contributed to the relatively high standard devi-

ations experienced.



CHAPTER 7

CONCLUDING REMARKS

mmar R rch

The primary purpose of this investigation was to establish the
relationship between stereomodel geometric parameters and
stereoscopic fusion for stereoscopic pairs with substantial vari-
ations in acquisition geometry. The approach taken in this
research clearly departs from related work in the area of stereo-
scopic fusion by addressing stereomodels obtained from conver-
gent pointing camera systems providing a large variety of
stereomodel geometries. The major objectives pursued were to:
1) define stereomodel acquisition geometric parameters for vari-
able geometry stereoscopic pairs; 2) determine how stereomodel
geometric parameters relate to stereoscopic fusion; 3) develop a
criterion for stereoscopic fusion based on the defined geometric
parameters; 4) test the criterion for stereoscopic fusion through
experimentation; and 5) determine the effect of rectification on
stereoscopic fusion,

A secondary objective was to evaluate the relationship of the
geometry in a stereomodel to the vertical scale exaggeration per-
ceived by individuals viewing stereoscopic pairs.

To pursue these objectives, a mathematical analysis of stereo-
model geometric parameters was performed to describe and
define stereomodel geometry in order to develop an hypothesis
relating stereomodel geometry to stereoscopic fusion. Extensive

qualitative experiments were designed and conducted to evaluate
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stereoscopic fusion as a function of stereomodel geometry using
non-rectified stereomodels so as to test this hypothesis. Exper-
iments were then conducted using rectified stereomodels to test
the assumption that rectification improves a stereomodel's fusi-
bility and increases the acquisition window for easily fused
stereopairs. The significance of this assumption is of great
importance to photogrammetrists operating in a digital photo-
grammetric production environment where stereopairs can be
digitally rectified in near real time.

Additionally, it was assumed that a stereomodel's acquisition
geometry influenced an operator’'s perceived vertical scale exag-
geration when viewing the model. To test this assumption
height estimate experiments were conducted using both rectified
and non-rectified stereomodels.

Stereomodels for the stereo fusion experiments consisting of
both non-rectified and rectified simulated imagery were gener-
ated by a computer for the experiments. These stereomodels
were composed of a real outdoor scene, with computer generated
building-like model objects superimposed on the real terrain. A
variety of stereomodel geometries,consisting of 170 images
were created from simulated camera positions along parallel
flight paths for each type of imagery. To test vertical scale
exaggeration an additional set of non-rectified simulated images
was created by modifying the model objects in the image scenes
to create objects which appear as floating plates. From the 170
different images available, 128 stereopairs having different

stereomodel geometries were created and used in constructing 6



equivalent stereogram cards with 25 stereopairs on each card for
each type of imagery. Each stereogram card or test version was
designed to evaluate a full range of stereomodel geometries,
with equivalent models assigned to each of the 25 stereopair
positions on each stereogram version (non-rectified, rectified
and plate).

The stereograms were used in controlled tests directed
towards & subjective assessment of stereoscopic fusion by 118
evaluators so as to yield a substantial sample of data. Three
different agencies: the Defense Mapping Agency, the National
Photographic Interpretation Center and the United States Army
Engineer Topographic Laboratories, each having large popula-
tions of image analysts, photogrammetrists, photointerpreters or
terrain analysts provided 107 of the 118 evaluators. The
remaining 11 other evaluators were made up of a variety of
people including some with no previous stereoscopic viewing
experience.

For the fusibility tests, each evaluator rated the fusibility of
25 non-rectified (Part 1 test) and rectified (Part 2 test) stereo-
pairs on a qualitative scale of 0-9. To ensure consistency and
provide a control reference, a rating of 7 was provided for the
first stereomodel on each stereogram card and the evaluators
rated the other 24 models relative to the first model. Further
controls were established by having the first and last stereo-
model on each stereogram card version the same for all ver-
sions. Also, on the non-rectified stereogram cards, the first

and last stereomodel were the same. On the rectified stereogram
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cards the first stereomodel was the unrectified model used on.
the non-rectified stereogram, and the last stereomodel was the
same model as the first except that it was rectified. This proce-
dure combined with the large number of evaluators, provided a
minimum of 16 controlled ratings for each stereomodel even
after rejecting some ratings for blunders and misalignments.

For the vertical exaggeration tests, each evaluator estimated
the height of the same specified model object in the 25 stereo-
models on the non-rectified plate (Part 3A test) and rectified
(Part 3B test) stereograms. Evaluators were to base height esti-
mates on the given horizontal dimensions of the specified
objects. To provide variation in the scenes the heights of the
other objects were varied between stereomodels’ while the height
of the object being used to evaluate vertical scale exaggeration
remained constant for all stereomodels.

Data analysis for the stereo fusion tests consisted of analyz-
ing each evaluator's fusion ratings for blunders and misalign-
ments, computing the correlation of each individual's fusion
ratings of the stereomodels to the model's xj-values, and com-
puting regression curves and correlation coefficients used to
compare the mean ratings for all evaluators to stereomodel
geometry. The geometric parameters analyzed were asymmetry,
roll, convergence, bisector elevation angle, base-height ratio
and xj-values. This procedure was done for both the non-rec-
tified and rectified stereo fusion tests.

Data reduction for the vertical exaggeration tests consisted of

analyzing each evaluator's height estimates and normalizing the
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estimates based on their estimate for the object in reference
stereomodel one. Data analysis for these tests consisted of
computing regression curves and correlation coefficients in
order to compare the mean height estimates to stereomodel
geometry. The geometric parameters analyzed were convergence
angle, convergence and bisector elevation angle, base-height

ratio, xj-values and x'j-values.

Conclusions
The results of the analysis of stereomodel acquisition geome-
try were the mathematical development and definition of asym-
metry, roll and convergence angles for variable geometry
stereomodels. This analysis also led to the development of two
new parameters to describe stereomodel acquisition geometry;

the bisectorelevation angle (B) and the xj-value.

The bisector elevation angle (B) provides a single parameter
that combines the effects of the asymmetry (o) and roll (Q)
angles on stereomodel viewing. Mathematically, P relates to «

and £ by

sin (B) = cos (a) cos (Q). (3.6)

For vertical stereopairs where asymmetry and roll angles are
zero, only the convergence effects stereoscopic fusion. For
variable geometry stereomodels, the combined effect of the

stereomodel's convergence (Yji) and bisector elevation (Bj)
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angles on stereoscopic fusion can be expressed by the stereo-.

model's xj-value, where

Bi— vi = xi. (4.2)

It was also found from the experimental results that stereo fusi-
bility can be expressed as a function of base-height ratio. The
mathematical relationships developed to show base-height ratio
as a function of convergence, roll, asymmetry, and bisector ele-
vation angle (equations 6.13, 6.14, 6.15) provide a basis for
understanding how the B/H ratio and stereomodel geometry
affect stereo vision,

Based on a logical analysis of stereoscopic fusion, higher xj-
values should result in improved stereoscopic fusibility. Thus,
a stereomodel's xj-value ought to provide a quantitative assess-
ment of the stereomodel’s fusibility. If this hypothesis is true
then the xj-value can be used to provide a new acquisition algo-
rithm to assure the collection of fusible stereopairs by estab-
lishing a fusibility acquisition criterion (X) for each photogram-

metric process, where
Bi— vi2 X, (4.3)

The experiments conducted were designed to test the hypoth-
esis that a stereo model's xij-value correlates with stereoscopic
fusion and describes the fusibility of a model. The 25 stereo-
models on each stereogram card were arranged to go from high-

to-low and back to high xj-values. If the hypothesis were good,



stereo fusion correspondingly would go from good-to-poor and
back to good. This structure also provided the means to test for
hysteresis. The overall correlation coefficient for quality of
stereo fusibility of a stereomodel to the stereomodel’'s xj-value
was determined to be p = 0.954. Similarly high correlations
were obtained for subsets of the data by version and agency,
demonstrating clearly that a stereomodel’'s xj-value can be used
to predict stereo fusibility. A comparison of the regression
curves and correlation coefficients from high-to-low (p = 0.96)
and low-to-high (p = 0.956) xj-values demonstrated that there
was no hysteresis effect based on having a scene with good or
poor fusion prior to evaluating the next scene. This absence of
hysteresis was felt to be due to variations in scene content in
the sample viewed.

The experiments demonstrated that an X-limit of 23.8° would
have resulted in all but one stereopair being rated a 5 or higher
on the fusion scale. It should be noted, that in this one pair
( xij =29.922° » X and rated 4.944), there was a difference in
image contrast and quality between the right and left image of
the stereopair. This X-limit applies to viewing stereopairs
with a mirror stereoscope. Once X-limits have been established
for a given photogrammetric process, the acquisition algorithm
(Equation 4.3) for obtaining fusible stereopairs can be used in
photogrammetric flight planning. Equation 4.3 has been
accepted by the National Mensuration Group of the United
States Government as the acquisition criterion for stereo fusible

sterecomodels.
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The experiments also demonstrated that base-height ratio
(B/H) correlates (p = 0.934) with stereoscopic fusion. A rating
of 5 on the stereo fusion scale corresponds to a B/H ratio of
0.815. An acquisition criterion of B/H < 0.815 would have
yielded four stereomodels which rated less than 5 on the fusion
scale. This result led to the mathematical development of B/H
ratio for variable geometry stereomodels mentioned earlier
(Equations 6.13, 6.14, 6.15).

These experiments prove conclusively that asymmetry, roll
and convergence all affect stereoscopic fusion. The remarkably
high correlation between sterecomodel geometry and subjective
fusion quality ratings demonstrates how sensitive the human
brain is to stereo fusion and how little the non-geometric fac-
tors influence an individual's ability to fuse stereopairs.

Subsequent experiments were designed and conducted to test
the hypothesis that rectification improves a stereomodel's fusi-
bility and increases the acquisition window for easily fused
stereopairs. The overall correlation coefficient for quality of
stereo fusibility of a rectified stereomodel to the stereomodel's
xj-value was determined to be p = 0.831. A rating of 5 on the
fusion scale equates to an xj-value of 3.5°. This value repre-
sents a 20° improvement in the acquisition window relative to
unrectified stereomodels. The criterion x; > 3.5°, would have
resulted in five stereomodels with ratings less than 5 being
being accepted. An X-limit of 10.5°, would have resulted in
one stereomodel (xj = 14.690°) with a rating less than 5 (4.895)

being being accepted, a full 13° below the X-limit for unrecti-



fied imagery. The effects of rectification were also demon-
strated for convergence angle and B/H ratio. In terms of con-
vergence angle, rectification represents an increase of approxi-
mately 15° in the acquisition window. For a fusion-scale rating
of 5, the B/H went from 0.815 for non-rectified to 1.318 for
rectified stereomodels. These results quantify the fusibility
improvements that can be achieved through rectification. The
impact of rectification on stereoscopic fusion means a signifi-
cantly greater range of stereomodel geometries can be used by
the photogrammetrist. This result is of particular interest when
deciding whether to invest in a digital production capability.
The final experiments conducted were designed to acquire
data to develop an hypothesis about the relationship between
variable geometry stereomodels and vertical scale exaggeration.
Vertical exaggeration was investigated for both non-rectified
and rectified stereomodels. For the non-rectified stereomodels
the plate stereograms of Part 3A were used. For rectified
stereomodels the rectified stereograms of Part 2 were used in
the experiment of Part 3B. For fusible non-rectified stereomod-
els, a new parameter x'j = P+7v, showed a strong correlation
(p = 0.898) with vertical scale exaggeration. For rectified
stereomodels, the experimental results support one of the few
points of agreement among the theories in the literature about
vertical exaggeration; that there is a strong direct correlation
between vertical exaggeration and B/H ratio using near vertical
photography stereomodels. The correlation between B/H ratio,

stereomodel geometric parameter, and vertical scale exaggera-
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tion was p = 0.931. This result demonstrates that non-stereo-
model or viewing variables have little effect on observed verti-
cal exaggeration.

The results of this thesis demonstrate conclusively that sim-
ple geometric relationships such as xj = B—v and B/H ratio, can
be used to acquire and evaluate variable-geometry stereomodels
in terms of fusibility and vertical exaggeration. The results
also demonstrate conclusively, the advantages of rectification in
expanding the acquisition window for fusible stereomodels and
increasing vertical scale exaggeration allowing photogramme-
trists to make more precise height measurement. This is par-
ticularly important as the use of digital images recorded by
imaging systems on orbiting satellites like SPOT becomes more
widespread and exploitation of this imagery in digital photo-

grammetric production systems becomes more commonplace.

Further Rgsglgrgh

The apparent simplicity in the relationships of stereo fusion
and vertical exaggeration to stereomodel acquisition geometry,
and the consistency of results in this thesis masks the complex-
ities of the human visual system and its ability to fuse images
and perceive vertical exaggeration even with the aid of instru-
ments. There was no attempt in these experiments to describe
or analyze this system. This thesis was limited to the practical
photogrammetric issues of stereomodel acquisition geometry and
its relationship to stereo fusibility and vertical exaggeration. It

was not designed to study the entire field of stereoscopy which
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includes optometry, psychology, image processing and photo-
grammetry. Further research into these areas is obviously
needed.

Further research should focus on testing base-height ratio
and x'j as the primary geometric acquisition parameters for
determining vertical scale exaggeration in stereomodels.

The applications of computer-generated synthetic images to
research in photogrammetry and photointerpretation are almost
limitless. This technique offers researchers the ability to
remove extraneous information and unimportant variables, sim-
ulate a variety of environments, investigate and analyze individ-
ual phenomena and control experimentation. Modeling proce-
dures similar to those used in this thesis provide a logicai way
to structure, assess and analyze data.

Very little is known about about stereopairs acquired from
digital camera systems that can be remotely pointed and which
provide convergent and variable geometry stereomodels. The
new technologies which allow the acquisition and exploitation
of this type of photography offer great potential advantages and
challenges to the photogrammetrist. Additional research is

needed to explore this potential more fully.
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APPENDIX A. DESCRIPTION OF MODEL OBJECTS
The objects used in the synthetic imagery were created using
the SRI Cartographic Modeling Environment Object Modeling
Library (Hanson and Quam, 1988). Table A.1 shows the library

name for the objects and the objects' coordinates.

OBJECT X Y — 7
Letter "A" 2613.5103 5470.9130 5889.4194
Object A: 3D COMPOSITE OBJECT 25884175 5639.5044 5892.6336
Letier "B" 27429126 5802.53260 5900.2680
Object B: SUPERELLIPSE 2725.8765 5946.6973 5922.4565
Letter "C" 3186.0132 5249.9070 5889.6480
Object C: CYLINDER 3190.4429 5383.5520 3915.9756
Letter "D" 2931.1597 5184.6520 5869.1187
Object D: QUONSET 2909.9135 5@.2190 5876.9210
Letter "E" 3042.3218 5788.2964 5961.8584
Object E: BUILDING-OBJECT 3038.3950 59249893 5997.5767
Letter "F" 3024.2388 5508.1060 58%.5093
Object F: HOUSE-OBJECT 3021.8423 5649.0200 5922.4614
Letter "G" 3232.1235 3524.3550 5956.3850
Object G: QUONSET 3225.1714 5687.1690 5991.7705
Letter "H" 2642.7670 5178.3810 5900.2065
Object H: CYLINDER 2635.8843 5307.6004 5899.9824
Letter "I" 2787.7651 5465.7450 5884.6840
Object I: BUILDING-OBJECT - 2771.6860 5605.0940 5887.9966

Table A.1.

Object descriptions and coordinates.

Figure A-1 depicts the nine objects described above and
shows the dimensions of each object. Where "H" is shown as
the vertical dimension, the object's height varied on each flight
line as shown in Table A.2. The "plate” objects used on the
plate imagery are depicted in Figure A-2. These objects are the
same as described in Table A.1 except they are one foot thick

and appear to float above the terrain. Table A.3 shows the



height of the top of the objects above their respective letter.

This information was used to analyze the evaluators' height

estimates in Part 3 of the evaluation.

100

OBJECT C

-
30

50°
10¢°
100’

OBJECT D OBJECT E OBJECT F

Tele) 1o 100"

OBJECT G OBJECT H OBJECT |

Figure A-1. Drawings of objects.
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FLIGHT OBJECT'S HEIGHT (IN FEET)

LINE ROLL A B C D E )3 G H I

45° | 10 | 20 | 40 | 50 | 60 [ 30 | 45 15 |25

40° | 40 | 10 | 50 [ 20 | 60 |30 | 45 15 |25

35° | 60 | 50 | 40 [ 20 | 10 | 30 | 45 15 |25

30° | 40 | 60 | 20 | 50 10 | 30 | 45 15 |25

25° | 60 | 20 [ 50 | 10 | 40 | 30 | 45 15 |25

20° | 10 | 50 [ 20 | 60 |40 | 30 | 45 15 (25

15° | 60 | 40 | 10 [ 50 | 20 [ 30 | 45 15 |25

10° | 10 | 40 | 50 |20 | 60 | 30 | 45 15 |25

5 [ 20 | 10 | 60 | 40 | 50 | 30 | 45 15 |25

ol|lolelw|aluls]lwle]=

—

0° [ 50 |60 | 10 | 40 |20 | 30 | 45 15 |25

Table A.2. Height of objects by flight line.

100 FT

Figure A-2. Plate objects.



FLIGHT OBJECT'S HEIGHT (UN FEET)
LINE ROLL A B C D E F G H I
1 45° 113 |33 |66 |58 |96 |54 |80 [ 15 (28
2 40° |43 |23 [76 |28 [96 |54 |80 |15 |28
3 35° [ 63 | 63 | 66 |28 |46 |54 |80 | 15 [28
4 30° [ 43 |73 [ 46 | 58 | 46 |54 | 80 | 15 |28
5 25° | 63 |33 (76 |18 (76 | 54 | 80 [ 15 |28
6 20° [ 13 [ 63 [46 |68 |76 | 54 | 80 | 15 |28
7 15° | 63 |53 |36 |58 |56 |54 |80 [15 |28
8 10° | 13 |53 |76 (28 (96 |54 |80 | 15 |28
9 5° |23 |23 |86 |48 |86 |54 [80 [ 15 (28
10 0° |53 |73 |36 |48 |56 |54 (80 [ 15 (28
Table A.3. Height of plate objects above letters.
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APPENDIX B. CAMERA STATION COORDINATES

Table B.1 lists the camera station coordinates as described in
Chapter 5, Figure 5-5 for the 10 synthetic flight lines. The
camera stations are the same for all three types of imagery (rec-
tified, unrectified, and plate) used in the experiment. Flight
lines are numbered 10 to 1 which correspond to roll angles of 0°
to 45° as shown in the table. The flying height (H) for all cam-
era stations is 40,000 feet. The terms used in the table are:
FLT = flight line number, LA = look angle in degrees, X = cam-
era station's X-coordinate in feet, and Y = camera station's Y-
coordinate in feet. The relationships of look angle and roll to a

station’s X, Y, and H coordinates are given by equations B.1

and B.2.
Y = H tan (Roll) (B.1)
X = [H tan (LA)][(tan2 (Roll) + 1)1/2] (B.2)
FLT | ROLL |[LA(DEG)] _X(FD) Y(FT)
10 0 °55 ~57125.92 0.00
10 0 -50 -47670.16 0.00
10 0 ~45 ~40000.00 0.00
10 0 ~40 -33564.00 0.00
10 0 -35 -28008.32 0.00
10 0 “30 23094.00 0.00
10 0 25 ~18652.32 0.00
10 0 “20 ~14558.80 0.00
10 0 -15 -10717.96 0.00
10 0 ~10 7053.08 0.00
10 0 5 -3499.56 0.00
10 0 0 0.00 0.00
10 0 +5 +3499.56 0.00

Table B.1. Synthetic camera station coordinates (continued).
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FLT | ROLL |LA(DEG) X(ET) Y(ET
10 0 10 +7053.08 0.00
10 0 ¥15 ¥10717.96 0.00
10 0 20 ¥14558%.80 0.00
10 0 25 ¥18652.32 0.00

9 5 ~55 ~57344.13 3499.56
9 5 ~50 -47852.20 3499.56
) 5 45 ~40152.79 3499.56
9 5 ~40 ~33692.21 3490.56
) 3 35 ~28115.31 3499.56
) 3 230 T23182.22 3499.56
) 3 ~25 ~18723.57 3499.56
9 3 -20 -14614.41 3499.56
] 5 -15 -10758.90 3499.56
9 3 “10 -7080.02 3499.56
) 3 -5 -3512.93 3499.56
9 3 0 0.00 3499.56
) 3 +5 +3512.93 3499.56
9 5 10 +7080.02 3499.56
) 35 ¥15 +10758.90 3499.56
g 35 +20 +14614.41 3499.56
9 5 +25 +18723.57 3499.56
8 10 -55 -58007.18 7053.08
3 10 -50 -48405.55 7053.08
g 10 “45 ~40617.06 7053.08
3 10 ~40 ~34081.78 7053.08
3 10 -33 -28440.39 7053.08
8 10 =30 -23450.26 7053.08
8 10 -25 -18940.06 7053.08
g 10 -20 ~14783.39 7053.08
g 10 “15 -10883.15 7053.08
3 10 -10 ~7161.89 7053.08
3 10 -5 ~3553.55 ~7053.08
3 10 0 0.00 7053.08
3 10 +5 +3553.55 7053.08
3 10 +10 +7161.89 ~7053.08
3 10 ¥15 +10883.15 7053.08
8 10 ¥20 ¥14783.30 7053.08
g 10 125 ¥18940.06 7053.08
7 15 -55 -59141.10 10717.96
7 15 750 "49351.78 10717.96
7 13 “45 ~41411.05 10717.96
7 15 ~40 ~34748.01 10717.96
7 15 -35 -28996.10 10717.96
7 15 -30 ~23908.67 10717.96
7 15 25 -19310.15 10717.96
7 15 =20 -15072.38 10717.96

Table B.1.

Synthetic camera station

coordinates (continued).
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FLT | ROLL |[LA(DEG) X(FT) Y(FT)
7 15 -15 -11006.05 10717.96 |
7 15 -5 -3623.01 10717.96
7 15 0 0.00 10717.96
7 15 ¥3 +3623.01 10717.96
7 15 ¥10 +7301.89 10717.96
7 15 ¥15 +11096.05 10717.96
7 15 +20 +15072.38 10717.96
7 15 ¥25 ¥19310.15 10717.96
6 20 -55 -60792.13 14558.80
6 20 -50 -50729.52 14558.80
6 20 -45 -42567.11 14558.80
6 20 -40 "35718.06 14558.80
6 20 -35 -29805.83 14558.80
6 20 -30 -24576.12 14558.80
6 20 =25 -19849.38 14558.80
6 20 =20 -15493.15 14558.80
6 20 -15 -11405.81 14558.80
6 20 -10 -7505.73 14558.80
6 20 -5 -3724.15 14558.80
6 20 0 —_0.00 14558.80
6 20 +5 +3724.15 14558.80
6 20 ¥10 +7505.73 14558.80
6 20 +15 +11405.81 14558.80
6 20 +20 +15493.15 14558.80
8 20 ¥25 +19849.38 14558.80
3 25 -55 -63031.49 18552.32
5 25 -50 -52598.21 18552.32
5 25 -45 -44135.12 18552.32
3 25 -40 -37033.78 18552.32
5 25 =35 -30903.77 18552.32
5 25 -30 -25481.41 18552.32
5 25 =25 -20580.56 18552.32
5 23 20 -16063.86 18552.32
5 25 -15 -11825.96 18552.32
5 25 “10 -7782.21 18552.32
5 25 -5 -3861.34 18552.32
5 25 0 0.00 18552.32
5 25 ¥5 +3861.34 18552.32
35 25 +10 +7782.21 18552.32
5 25 +15 +11825.96 18552.32
5 25 +20 +16063.86 18552.32
5 25 +25 +20580.56 18552.32
4 30 -55 -65963.32 23094.00
4 30 -50 -55044.75 23094.00
4 30 -45 -46188.02 23094.00
4 30 -40 -38756.36 23094.00

Table B.1.

Synthetic camera station coordinates (continued).
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LT | ROLL |LA(DEG) X(FT) Y(FT)

4 30 -35 ~32341.22 23094.00
4 30 —30 -26666.65 73094.00
4 30 225 -21537.34 23094.00
3 30 ~20 “16811.05 230904.00
4 30 ~15 ~12376.03 73094.00
. 30 10 -8144.10 23094.00
) 30 ) ~4040.94 23094.00
1 30 0 0.00 23004.00
4 30 +4 +4040.94 23004.00
. 30 +10 +8144.19 23094.00
) 30 15 +12376.03 23094.00
] 30 +20 +16811.05 230904.00
3 30 25 ¥21537.84 23094.00
3 35 55 ~69737.89 28008.32
3 35 ~50 -58194.53 28008.32
3 35 45 ~48830.99 28008.32
3 35 ~40 ~40974.09 28008.32
3 35 ~35 ~34191.85 78008.32
3 35 ~30 —28192.57 78008.32
3 35 -25 -22770.28 28008.32
3 35 ~20 ~17773.02 28008.32
3 35 “15 ~13084.22 28008.32
3 35 ~10 ~8610.22 28008.32
3 35 -3 4272.17 28008.32
3 35 0 ~0.00 28008.32
3 35 +3 ¥4272.17 28008.32
3 35 10 +8610.22 28008.32
3 35 15 +13084.22 28008.32
3 35 20 +17773.02 28008.32
3 35 +25 +22770.28 28008.32
2 40 -55 -74572.61 33564.00
2 30 “50 ~62228.90 33564.00
2 40 45 ~52216.30 33564.00
2 40 40 ~43%814.70 33564.00
2 40 35 ~36562.27 33564.00
2 40 30 30147.08 33564.00
2 40 25 -24348.88 33564.00
2 40 20 ~19005.17 33564.00
2 70 15 -13901.31 33564.00
2 40 ~10 “9207.14 33564.00
2 40 2 ~4568%.35 33564.00
2 a0 0 0.00 33564.00
2 40 ¥2 ¥4568.35 33564.00
2 40 10 ¥0207.14 33564.00
2 40 15 +13901.31 33564.00
2 40 +20 +19005.17 33564.00

Table B.1.

Synthetic camera station

coordinates (continued).
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FLT | ROLL |[LA(DEG) X(ET) Y(FT)
2 40 +25 +24348.88 33564.00
1 45 -55 -80788.25 40000.00
1 45 -50 ~67415.79 40000.00
| 45 -45 -56568.54 40000.00
1 45 -40 -47466.66 40000.00
1 45 -35 ~39609.75 40000.00
T 45 30 -32659.85 40000.00
1 45 -25 ~26378.36 40000.00
1 45 20 -20589.25 46000.00
1 435 -15 -15157.48 40000.00
1 45 -10 -0974.56 40000.00
1 435 -5 -4949.13 40000.00
] 43 0 0.00 40000.00
| 43 ¥5 +4049.13 40000.00
1 45 +10 +9974.56 40000.00
1 43 +15 +15157.48 40000.00
| 45 +20 +20589.25 40000.00
1 43 25 +26378.36 40000.00
Table B.1. Synthetic camera station coordinates.
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APPENDIX C. STEREOMODEL GEOMETRY

Tables C.1 through C.6 in this appendix depict the stereo-
model geometries by position on the stereopair photographs
used for the evaluation of fusion. The sterecogram numbers
refer to one of the six versions of the stereogram sets used.
All three types of imagery comprising one stereogram version
set have the same stereomodels in the same position on the
photographs. "POS" in the table reflects the position on the
stereogram card being described. The other terms used in the
tables are; "FLT" = flight line number, "LA 1" = look angle of
camera taking left image, "LA 2" = look angle of camera taking
right image, "CONV" = convergence angle of stereomodel,
"BIE" = bisector elevation angle, "ASY" = asymmetry angle of
the stereomodel, "ROLL" = roll angle of stereomodel, "xj» =
BIE - CONYV for the stereomodel and "B/H". = the stereomodel’s
base-height ratio. All angles are in degrees. Definitions for

all angles can be found in Chapter 3. Base-height ratio is

defined mathematically in Chapter 6.



STEREOGRAM 1

POS LAl LA 2 |CONY ASY ROLL Xj B/H
{DEG) (DEG) KDEG) (DEG) | (DEG) | (DEG)
1 0 -15.0 +15.0 30.0 0.0 0.0 60.000 0.54
2 8 -20.0 -5.0 15.0 -12.5 10.0 59.042 0.28
3 51 +20.0 +25.0 5.0 +22.5 25.0 51.859 0.11
4 7 -30.0 -10.0 20.0 -20.0 15.0 45.187 0.42
5 3 0.0 +15.0 15.0 +7.5 35.0 39.306 0.33
8 5 -15.0 +15.0 30.0 0.0 25.0 35.000 0.59
7 3 -15.0 +10.0 25.0 -2.5 35.0 29.922 0.54
8 4 -45.0 -20.0 25.0 -32.5 30.0 21.920 0.73
9 7 -55.0 -25.0 30.0 -40.0 15.0 17.727 1.00
10 0 -65.0 -5.0 50.0 -30.0 0.0 10.000 1.34
11 4 -55.0 -15.0 40.0 -35.0 30.0 5.187 1.34
12 2 -50.0 -5.0 45.0 -27.5 40.0 2.196 1.44
13 1 -45.0 +5.0 50.0 -20.0 45.0 8.359 1.54
14 2 -55.0 -20.0 35.0 -37.5 40.0 2.426 1.39
15 4 -40.0 +10.0 50.0 -15.0 30.0 6.774 1.17
16 1 -40.0 -15.0 25.0 -27.5 45.0 13.845 0.81
17 3 -30.0 +5.0 35.0 -12.5 35.0 18.105 0.81
18 9 -40.0 +5.0 45.0 -17.5 5.0 26.821 0.93
19 8 -50.0 -40.0 10.0 -45.0 20.0 31.641 0.38
20 9 -30.0 +10.0 40.0 -10.0 5.0 38.831 0.76
21 9 -45.0 -40.0 5.0 -42.5 5.0 42.263 0.16
22 6 -30.0 -20.0 10.0 -25.0 20.0 48.352 0.23
23 8 +10.0 +25.0 15.0 +17.5 10.0 54.922 0.28
24| 10 -15.0 +5.0 20.0 -5.0 0.0 65.000 0.36
25| 10 -15.0 +15.0 30.0 g.0 0.0 60.000 0.54
Table C.1. Stereogram version l: stereomodel geometry.




STEREOGRAM 2

POS|FLT| LAl LA 2 |CONV ASY ROLL Xi B/H
(DEG) (DEG) KDEG) {DEG) | {(DEG) | (DEG)
1] 10 -15.0 +15.0 30.0 0.0 0.0 60.000 0.54
2| 10| +20.0 +25.0 5.0 +22.5 0.0 62.500 0.10
3 8 -15.0 0.0 15.0 -7.5 20.0 53.694 0.29
4 4] +10.0 +20.0 10.0 +15.0 30.0 46.774 0.22
5 B -20.0 +20.0 40.0 0.0 10.0 40.000 0.74
6 3 -15.0 +5.0 20.0 -5.0 35.0 34.690 0.43
7 5 -50.0 -40.0 10.0 -45.0 25.0 29.856 ¢.39
8 4 -40.0 -10.0 30.0 -25.0 30.0 21.710 0.77
9 8 -55.0 -20.0 35.0 -37.5 10.0 16.380 1.08
10 1 -35.0 -5.0 30.0 -20.0 45.0 11.641 0.87
11 5 -55.0 -10.0 45.0 -32.5 25.0 4.852 1.38
12 1 -40.0 +5.0 45.0 -17.5 45.0 -2.594 1.31
13 2 -55.0 -5.0 50.0 -30.0 40.0 -8.439 1.75
14 3 -55.0 -15.0 40.0 -35.0 35.0 2.145 1.42
15 5 -45.0 +5.0 50.0 -20.0 25.0 8.392 1.20
16 7 -50.0 -5.0 45.0 -27.5 i5.0 13.9589 1.14
17 6 -55.0 -30.0 25.0 -42.5 20.0 18.853 0.91
18 2 -45.0 -35.0 10.0 -40.0 40.0 25.932 0.39
19 9 -50.0 -35.0 15.0 -42.5 5.0 32.263 0.49
20 6 -5.0 +25.0 30.0 +10.0 20.0 37.731 0.59
211 10 -30.0 +5.0 35.0 -12.5 0.0 42.500 0.66
22 7 -15.0 +10.0 25.0 -2.5 15.0 49.799 0.48
23 9 -25.0 -5.0 20.0 -15.0 5.0 54.207 0.38
24 8 +5.0 +10.0 5.0 +7.5 10.0 72.523 0.09
25| 10 -15.0 +15.0 30.0 0.0 0.0 60.000 0.54
Table C.2. Stereogram version 2: stereomodel geometry.
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STEREOGRAM 3

B/H

POS|FLT| LAl LA 2 |CONY ASY ROLL Xj
(DEG) (DEG) KDEG) (DEG) | (DEG) | (DEG)
1] 10 -15.0 +15.0 30.0 0.0 0.0 £0.000 0.54
2 g -20.0 0.0 20.0 -10.0 5.0 58.831 0.37
3| 4| -15.0 -10.0 5.0 | -12.5 30.0 52.725 | 0.11
4 10 -35.0 -20.0 15.0 -27.5 0.0 47.500 0.34
5 9 -35.0 -10.0 25.0 -22.5 5.0 41,980 0.53
6 2 0.0 +15.0 15.0 +7.5 40.0 34.419 0.35
7 B -50.0 -30.0 20.0 -40.0 10.0 28.974 0.62
8 3 -30.0 0.0 30.0 -15.0 35.0 22.302 0.70
9| 10 -55.0 -15.0 40.0 -35.0 0.0 15.000 1.16
10 2 -40.0 -5.0 35.0 -22.5 40.0 10.051 0.98
11 3 -55.0 -20.0 35.0 -37.5 35.0 5.5632 1.30
12 1 -25.0 +20.0 45.0 -2.5 45.0 -0.054 1.17
13 1 -55.0 -10.0 45.0 -32.5 45.0 -8.390 1.77
i4 5 -55.0 -5.0 50.0 -30.0 25.0 1.711 1.48
15 7 -55.0 -5.0 50.0 -30.0 15.0 6.775 1.39
16 g -55.0 -15.0 40.0 -35.0 5.0 14.690 1.16
17 1 -50.0 -40.0 10.0 -45.0 45.0 20.000 0.50
18 5 -40.0 -10.0 30.0 -25.0 25.0 25.226 0.73
19 4 -30.0 -5.0 25.0 -17.5 30.0 30.684 0.58
20 6 -45.0 -40.0 5.0 -42.5 20.0 38.853 0.17
21 4] +15.0 +25.0 10.0 +20.0 30.0 44 469 0.21
22 6 -10.0 +10.0 20.0 0.0 20.0 50.000 0.38
23 7 -5.0 +15.0 20.0 +5.0 15.0 54.208 0.37
24 B -5.0 0.0 5.0 -2.5 10.0 74.695 0.09
25| 10 -15.0 +15.0 30.0 0.0 0.0 60.000 0.54
Table C.3. Stereogram version 3: stereomodel geometry.
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STEREOGRAM 4

POS|FLT| LAl LA 2 |CONV ASY ROLL Xj B/H
(DEG) {DEG) KDEG) (DEG) | (DEG) | (DEG)
1| 10 -15.0 +15.0 30.0 0.0 0.0 §0.000 0.54
2 9| +20.0 +25.0 5.0 +22.5 5.0 61.980 0.10
3 7 0.0 +20.0 20.0 +10.0 15.0 52.036 0.38
4 5 -20.0 -5.0 15.0 -12.5 25.0 47.231 0.31
5 6 -35.0 -20.0 15.0 -27.5 20.0 41.462 0.36
6 4 -15.0 +10.0 25.0 -2.5 30.0 34.906 0.51
71 10 -40.0 +5.0 45.0 -17.5 0.0 27.500 0.93
8 8 -50.0 -20.0 30.0 -35.0 10.0 23.775 0.84
9 1 -15.0 +15.0 30.0 0.0 45.0 15.000 0.76
10 1 -55.0 -35.0 20.0 -45.0 45.0 10.000 1.03
11 3 -35.0 +15.0 50.0 -10.0 35.0 3.775 1.18
12 2 -55.0 -15.0 40.0 -35.0 40.0 -1.134 1.51
13 2 -50.0 0.0 50.0 -25.0 40.0 -6.031 1.56
14 1 -50.0 -15.0 35.0 -32.5 45.0 1.610 1.31
15 8 -55.0 -5.0 50.0 -30.0 10.0 8.525 1.36
16 10 -55.0 -10.0 45.0 -32.5 0.0 12.500 1.25
17 4 -25.0 +15.0 40.0 -5.0 30.0 19.625 0.82
18 7 -40.0 0.0 40.0 -20.0 15.0 25.186 0.87
19 3 -45.0 -40.0 5.0 -42.5 35.0 32.153 0.20
20 8 -45.0 -35.0 10.0 -40.0 10.0 38.974 0.30
21 6 -5.0 +20.0 25.0 +7.5 20.0 43.694 0.48
22 5 -15.0 0.0 15.0 -7.5 25.0 48.970 0.30
23 6 -20.0 -10.0 10.0 -15.0 20.0 55.186 0.20
24 9 -15.0 -5.0 10.0 -10.0 5.0 £8.831 0.18
251 10 -15.0 +15.0 30.0 0.0 0.0 60.000 0.54
Table C.4. Stereogram version 4: stereomodel geometry.
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STEREOGRAM 5

POS |FL LAl LA 2 |CONYV ASY ROLL Xi B/H
(DEG) | (DEG) KDEG) (DEG) | (DEG) | (DEG)

1] 10 -15.0 +15.0 30.0 0.0 0.0 60.000 0.54
21 10| +15.0 +25.0 10.0 +20.0 0.0 60.000 0.20
3 8 -25.0 -5.0 20.0 -15.0 10.0 52.036 0.38
41 10 -25.0 +10.0 35.0 -7.5 0.0 47.500 0.64
5 9 -25.0 +20.0 45.0 -2.5 5.0 39.412 0.83
6 7 -20.0 +20.0 40.0 0.0 15.0 35.000 0.75
7 2 -45.0 -40.0 5.0 -42.5 40.0 29.387 0.21
8 7 -56.0 -35.0 20.0 -45.0 15.0 23.080 0.50
9 2 -40.0 -15.0 25.0 -27.5 40.0 17.804 0.75
10 4 -55.0 -25.0 30.0 -40.0 30.0 11.561 1.13
11 1 -50.0 -20.0 30.0 -35.0 45.0 5.396 1.17
12 3 -55.0 -5.0 50.0 -30.0 35.0 -4.813 1.64
13 1 -40.0 +10.0 50.0 -15.0 45.0 -6.920 1.44
14 4 -50.0 0.0 50.0 -25.0 30.0 1.710 1.45
15 3 -40.0 +5.0 45.0 -17.5 35.0 6.374 1.13
16 2 -30.0 +5.0 35.0 -12.5 40.0 13.408 0.87
17 7 -50.0 -15.0 35.0 -32.5 15.0 19.554 0.96
18 8 -50.0 -25.0 25.0 -37.5 10.0 26.380 0.74
19 8 -20.0 +20.0 40.0 0.0 20.0 30.000 0.77
20 3 +5.0 +20.0 15.0 +12.5 35.0 38.105 0.34
21 5 -5.0 +15.0 20.0 +5.0 25.0 44536 0.39
22 5 -5.0 +10.0 15.0 +2.5 25.0 49.883 0.29
23 6 -25.0 -20.0 5.0 -22.5 20.0 55.246 0.11
24 9 +5.0 +15.0 10.0 +10.0 5.0 68.831 0.18
25] 10 -15.0 +15.0 30.0 0.0 0.0 60.000 0.54

Table C.5. Stereogram version 5: stereomodel geometry.
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STEREOGRAM 6

POS|FLT| LAl LA 2 CONY ASY ROLL Xj B/H
(0EG) | (DEG) kDEG) | (DEG) | (DEG)Y| (DEG)

1| 10] -150 | +150 | 30.0 0.0 0.0 | 60.000 | 0.54
2| 10| -25.0 -20.0 50 | -225 0.0 | e2.500 | 0.10
3| 9l 100 | +200 | 30.0 | 45.0 50 | 52.933 | 0.54
4| 10| -35.0 150 | 20.0 | -250 0.0 | 45.000 | 0.43
s| 5| -40.0 -35.0 50 | -37s 25.0 | 40974 | 0.15
6| 7| -50.0 -40.0 10.0 | -45.0 15.0 | 33.080 | 0.37
7| 5| -30.0 +5.0 | 350 | -12.5 250 | 27230 | 0.73
g| 7| -a0.0 +5.0 | 450 | -175 15.0 | 22.105 | 0.96
o| 2| -45.0 -20.0 250 | -325 | 40.0 | 15246 | 0.83
10| 5| -50.0 -10.0 | 400 [ -30.0 250 | 11.710 | 1.12
11| 1] 200 | +20.0 | 40.0 0.0 | 45.0 5.000 | 1.03
12| 2| -30.0 | +20.0 50.0 5.0 | 40.0 -0.259 | 1.23
13| 1| -50.0 0.0 | 500 | -250 | 450 | -10.144 | 1.69
14| 3| -50.0 -5.0 45.0 | -275 35.0 1.602 | 1.35
15] 4| -40.0 | +100 | 50.0 | -150 | 30.0 6.774 | 1.17
16| 3| -55.0 300 | 250 | -425 | 350 | 12.153 | 1.04
17| 4| -50.0 250 | 250 | -375 | 30.0 | 18.398 | 0.94
18| 6| -50.0 -30.0 20.0 | -40.0 | 20.0 | 26.042 | 0.65
19| s -30.0 450 | 350 | -125 | 200 | 31552 | 0.71
20| 7| -10.0 | +25.0 | 350 | 475 15.0 | 38.268 | 0.67
21| 10| -200 | 4250 | 450 | .25 0.0 | 42500 | 0.83
22| 8| -200 | +100 | 30.0 5.0 100 | 48.831 | 0.55
23| 8| -25.0 -10.0 15.0 | -175 10.0 | 54.922 | 0.29
24| 8| +50 | +15.0 10.0 | +10.0 10.0 | 65894 | 0.18
25| 10| -15.0 | +15.0 | 30.0 0.0 0.0 | 60.000 | 0.54

Table C.6. Stereogram version 6: stereomodel geometry.
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APPENDIX D. STEREOGRAM SETS

This appendix contains the six sets of stereogram cards (78%
reduction of the original photographs) used in the experiments.
The cards are grouped by version, with each set (version) con-
taining six images. Table D.1 lists the version 1 photographs,
Table D.2 through Table D.6 list the version 2 through version
6 photographs respectively. Each stereogram card in a set is
labeled to reflect its type; unrectified (C), rectified (RC) or
plate (PC}; version number and left or right image of the stereo-
pair. For example, stereogram card #C-2R refers to the right
image of the unrectified stereopair in set 2. The version 2 set
of stereograms consists of photographs C-2L, C-2R, RC-2L,
RC-2R, PC-2L, and PC-2R. The stereograms in each set are
arranged unrectified (L,R), rectified (L,R) and plate (L,R) to

correspond to parts 1, 2, and 3 of the booklet.

FIGURE PHOTOGRAPH PAGE
D-1 C-1L 139
D-2 C-1R 140
D-3 RC-1L 141
D-4 RC-1R 142
D-5 PC-1L 143
D-6 PC-1R 144

Table D.1. Contents of stereogram set version 1.
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FIGURE PHOTOGRAPH PAGE
D-7 C-2L 146
D-8 C-2R 147
D-9 RC-2L 148
D-10 RC-2R 149
D-11 PC-2L 150
D-12 PC-2R 151

Table D.2. Contents of stereogram set version 2.
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Figure D-7.
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FIGURE PHOTOGRAPH PAGE
D-13 C-3L 153
D-14 C-3R 154
D-15 RC-3L 155
D-16 RC-3R 156
D-17 PC-3L 157
D-18 PC-3R 158

Table D.3. Contents of stereogram set version 3.
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FIGURE PHOTOGRAPH PAGE
D-19 C-4L 160
D-20 C-4R 161
D-21 RC-4L 162
D-22 RC-4R 163
D-23 PC-4L 164
D-24 PC-4R 165

Table D.4. Contents of stereogram set version 4.
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Figure D-23. Stereogram card PC-4L.
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FIGURE PHOTOGRAPH PAGE
D-25 C-5L 167
D-26 C-5R 168
D-27 RC-5L 169
D-28 RC-5R 170
D-29 PC-5L 171
D-30 PC-5R 172

Table D.5. Contents of stereogram set version 5.
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Figure D-25. Stereogram card C-5L.
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FIGURE PHOTOGRAPH PAGE
D-31 C-6L 174
D-32 C-6R 175
D-33 RC-6L 176
D-34 RC-6R 177
D-35 PC-6L 178
D-36 PC-6R 179
Table D.6. Contents of stereocgram set version 6.
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APPENDIX E. EVALUATION BOOKLET

This appendix contains version 1 of the Stereo Fusion Geom-
etry Evaluation Booklet used to conduct the experiments which
support this research. The booklet has been reduced 75% for
inclusion in the paper. The different versions refer to the six
versions of the stereograms used by the evaluators to rate stereo
fusion and estimate heights. The first four pages and the last
page are identical for all versions of the booklet except for the
version and photo version numbers referenced. Part 3A on Page
5 of the booklets requests different objects be estimated based
on the version being used. Chapter 6 describes the objects

requested for each version by position.



Booklet 1 -Q0xxx

STEREO FUSION GEOMETRY
EVALUATION VERSION 1

This booklet is to be used with photo sets:
(C-1L, C-1R), (RC-1L, RC-1R), (PC-1L, PC-1R}

DO NOT REMOVE PAGES FROM THIS BOOKLET
Please return this booklst to:

Colonel Joel M. Cain
Army Fellow

SRI International
333 Ravenswood Avenue
Menlo Park, California, 94025
(415) 859-5201
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INTRODUCTION

The purpose of this questionnaire is to evaluate stereo fusion to develop acquisition
geometry parameters to ensure stereo imagery can be fused without causing
excessive eye strain on the analyst. The evaluation consists of three sets of
stereograms with each set consisting of twenty-five stereopairs with varying
geometries. The imagery used was computer generated on a terrain model with
computer generated "building like" figures superimposed on the imagery to facilitate
the evaluation. The software usad to generate the imagery has introduced some
artifacts in a few viewing geometries. These artifacts should not affect the evaluation.

Each set of imagery represents a different evaluation; there are threse parts to this
evaluation. The "C" set (Pan 1) is unrectified imagery, the "RC" set (Par 2) is rectified
imagery, and the "PC" set (Part 3} is "plate” imagery. The figures in the "plate™ images
ware designed to be used to evaluate vertical exaggeration and were constructed so
that the sidas of the figures could not be saen by the interpreter. The size of the
images were designed to fill the field of view of a mirror stereoscope with binocular
{3x magnification) viewing.

When evaluating the stereopairs it is important that you view each pair in numerical
order 1 through 25. The questionnaire requires that you compare each pair against
the previous pair. THIS IS NOT A TEST OF YOUR STEREO VISION. Please answer
the following gquestions before proceeding with the evaluation: (Check appropriate
answer or fill in the blank)

1. Do you wear glasses? yes_ , no__, If so, do you wear glasses whean viewing
through a stereoscope? yes__ , no__ .

2. How many years experience do you have using stereo imagery? yIs.

3. Have you aver been tested for stereo vision? yes , no

4, Describe your job in a few words {image analyst, photogrammaetrist, eic),

5. There is no time limit to this evaluation. However, in order to determine an average
time to evaluale the imagery; please record the date and time below befors you
procead.

Date: Time:

Thank you for participating in this evaluation. Please go to Part 1 on the next page,
and read the directions,
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INSTRUCTIONS: (Please do not
separale this answer sheet from the
ovaluation booklel),

Please read these instruclions before
avaluating the stereograms, This evalualion
is designed for a mirror slereoscape with
binoculars (3x) viewing. Set up the
stereograms so thal Card C-1L is viewed
with the left eye and Card C-1R with the
right eye. This evaluation requlres thet
tha stareograms be viewad In
numerlcal sequence, 1 through 25.
For each slereopair, adjust the cards so that
you obtain the best overall stereo fusion for
the entlre field of view of the steraopair
being viewed. Ensure all the figure labels
are fused first, Do not readjyst the pair to
fuse a specific object in the field of view.
Once adjusted for stereo fusion, evaluate
the stereo view by comparing this pair to the
previous pair (Harder to fuse, Same as
previous pair, Easier lo fuse}, and by rating
aach pair on a scale of 0 through 9. Where O
represenis “cannot fuse the enlire scene®,
all {abels and figures cannol be fused
simullanecusly; and 9 represents "can very
easily fuse the gnlire scepne - excellent
slereo”. Evaluate the degree of diffliculty
fusing in lerms of eye strain as if you were
using the imagery to do imagery analysis
over a normal work period. See Scane
Fusion Scale at top righl.

To provide a reference (baseline),
stareopailr 1 Is reted a @

NOTE: The stereo geomelry of each pair is
dilferent and the heights of the labaled fig-
ures are different for each stersopalr. Use
the right side of 1his form 1o evaluate the
stereopairs by blackening the circle
indicaling your responses wilh a pencil.

Please describe below any difficulties you
encounter while evaluating the stereopairs
in the commenis saclion. Refer lo spacilic
pairs where appropriate, as well as general
comments. Please cornment on the imagery
(scene, contrast, elc.)

PART 1
Scene Fusion Scale
0 1 2 3 4 5 6
| | | I |
cannol very dificult  difficult easly
fuse o fuse o fuse fused

COMMENTS:

100 600000000606

200 6:0000000000

300 6000000000060

4 @0 0: 0000000000

500 60:0000000000

§ 00 E:0000000000

700 6: 0000000006

8 0 0: 0000000000

006G O000BOEOBE

10 0O E:0000000000

1 0E06:00000000600

12 0 6:00000060000

13 @O 60000000006

14 0060000000006

15 @0 60:0000000000

16 @0 E: 0000000000

17 00 G: 0000000000

13 @0 60000000006

19 60 ©6: 00000000600

20 @O 6: 000000

21 0600000000600

2 @0 6:0000000060

LB OO 6G:0000000000

% 6060000000000

25 @0 G 0000000000

"CONTINUE COMMENTS ON PAGE 6.
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INSTRUCTIONS: (Please do nol
separate this answer sheel from the
avaluation booklet).

Please read lhese instructions before
evaluating the stereograms. This avaluation
is designed for a mirror stereoscope with
binoculars (3x} viewing. Follow the same
procedure used in Parl | excepl sel up the
stereograms so that Card RC-1L Is viewed
with the left eye and Card RC-1R with tha
right eye. This evaluation also
requires that the stereograms be
viewed In numerlcal sequence, 1
through 25. For each stereopair, adjust
the cards so that you obtain the best overall
stereo fusion lor the entire field of view of
the steraopair being viewed. Ensure all the
figure labels are fused firsl. Do not
readjust the pair to fuse a specific object in
the field of view. Onca adjusted for stereo
{usion, evaluale the stereo view by com-
paring this pair lo the pravious pair (Harder to
fuse, Same as previous pair, Easier lo fuse),
and by raling each pair on a scale of 0
through 9. Where 0 represants "cannot fusa
the gnlire scene®, all labels and figures
cannot ba fused simullaneously; and 9
represants "can very easlly fuse the gnlire
scene - excellent stereo”. See Scene
Fusion Scale af top right.

To provide a reference (basellne),
stereopalr 1 is rated a .

NOTE: The slereo geomelry of each pair is
different and the heights of the labeled {ig-
ures are different for each stereopalr. Use
the right side of this form to evaluale the
sleraopairs by blackening the circle
indicating your responsas with a pencil.

Pleasa dascribe below any difficulties you
encounter while evaluating the stereopairs
in the comments section. Reler to spacific
pairs where appropriale, as well as general
comments. Plaase comment on the imagery
(scene, contras!, elc.)

PART 2

Scene Fuslon Scale

0 1 2 3 4 5 6 7 8 9
I | | 1 | 1
cannot  very difficuft difficult easily axcellen!
fuse o fuse 1o fuse fused slareo
COMMENTS:

100 60000000000

200 6:0000000000

300 6:000000600600

400 0:00000000060

5 06 6:000000006060

5§00 6: 0000000000

700 6:0000000060

§ 0000000000660

00O 600006000000

10 OO E: 0000000000

1000000000000

12 @0 6:000000006060

B 0 06:00000000060

14 00 0E:0000000000

15 @0 600000000000

16 @0 60000000000

1790 6: 00000000006

13 00 6: 0000000060

19 @0 6: 000000006

20 HOE: OO

21 060000000000

2 60 6:0000000000

L 060000000000

%4 00 0:0000000000

% @0 600000000600

CONTINUE COMMENTS ON PAGE 6.
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PART 3A

INSTRUCTIONS: (Please do not separate
this answer sheet from the evaluation
booklet).

Please read these instructions before
evaluating the stereograms. This evaluation
is designed for a mirror stereoscope with
binoculars (3x) viewing. Set up the
sterengrams so that Card PC-1L is viewed
with the left eye and Card PC-1R with the
right eye. You will be asked to estimate the
height of two figures in each stereopair.
You may view the stereopsirs in any
order you prefer. For each stereopair,
adjust the cards so that you obtain the best
stereo fusion for FIGURE I. Omce
adjusted for stereo fusmn., esumate the
helghl of FIGURE 1

base.d on the plan
dxmenstons of FIGURE I (100 fi x 100
ft). Record your estimate next to the figure
in the box provided. Readjust the stereo-
pair to obtain the best stereoscopic fusion
for the second figure specified and estimate
its height above its label (letter) based on
the dimensions of FIGURE 1. Estimate
the heights of the figures requested for each
stereogram in the boxes {Use slereograms
PC-1L and PC-1R).

PART 3B

Using stereograms RC-1L and RC-1R.
Only estimate the height of FIGURE I

Record your estimates in the chart
provided.

I= ft |I = ft |[I = ft (I = ft|I = _ft
D= ft B= _ frlB= _ftiC= _ft ft
[ 23 [ 24 ]

URES: URES: URES: TURES: IUR
i= ft |I = ft |I = ft|I = ft|I = ft
C= ft |F= ft |G ft |A= ft |E fi

1 2 3 4 5
I= ft |I = ft |I = ft|I = ft|1 = ft
I= ft |[I= ft|I= ftll = ft |I = ft
1= ft |I= ft|I = ft|1 = ft|l = ft
I= fi |I= |l = ft|I = ft|I = fi

1

ft |[I = ft|l = ft [I = il = ft

185



186

Please record the time you completed the evaluation below.

Date: Time:

Use the space balow for any additional comments.

COMMENTS:

Thank you for participating in this evaluation. | appreciate the time and effort you provided in
supporting this analysis. JMC



APPENDIX F. PART 1 DATA

The evaluators' profiles and the Part 1 evaluations are shown
in the Part: 1 version # data tables numbered F.1, F.3, F.5,
F.7, F.9, and F.11. The table version numbers correspond to
the stereomodel set versions. The "POS" column refers to the
stereogram position of the card. The x; shows the computed x;
for the stereomodel. The numbered rows (0001, 0002...0018..)
reflect the booklet number used by the evaluator. This number
is preceded on the booklet by the version number, for example
1-0001. The code "CR" indicates the data in the column was not
used due to incomplete data or the individual's personal correla-
tion was P < 0.5 for a simple correlation or p < 0.6 for a 2nd
order polynomial correlation. The code "R" denotes a rejected
score. The reasons for not using this data are explained in
Chapter 6.

The "*SIMPLE CORR" row lists the computed simple correla-
tion using all of the evaluators ratings. The "*POLYNOMIAL
CORR" row shows the computed 2nd order polynomial correla-
tion using all of the evaluators ratings. The **POLYNOMIAL
CORR" row shows the computed 2nd order polynomial correla-
tion after rejected scores have been removed. The term
"AGENCY" refers to the agency conducting the evaluation;
NPIC - National Photographic Interpretation Center, Washing-
ton D.C.; DMAAC — Defense Mapping Agency Aerospace Center,
St. Louis, MO.; USAETL - United States Army Engineer Topo-
graphic Laboratories, Fort Belvoir, VA.; DMASC - Defense
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Mapping Agency Systems Center, McLean, VA.; USGS - United
States Geological Survey, Menlo Park, CA.; UCB - University
of California, Berkeley, CA.; SRI - SRI International, Menlo
Park, CA.; and unlabeled - my son, David Cain.

In the row "GLASSES", Y indicates the evaluator wears
glasses, N indicates the evaluator does not wear glasses. The
/Y indicates the evaluator used glasses when rating the stereo-
models, /N indicates the evaluator did not wear glasses when
rating. The row "STEREO TESTED" indicates whether the eval-
uator had been formally tested for stereo vision. Y indicates
yes, N no.

The row "JOB EXPERIENCE" reflects the evaluator’s
description of his/her training and/or current job; ASO - ana-
lytical stereoplotter operator, C - cartographer, CS - computer
scientist - image understanding, DB - data base generation spe-
cialist, E - engineer, EE - electrical engineer, G - geologist, GE
- geographer, IA - Image Analyst, IP - image processor, IS -
imagery scientist, LAB DIR - laboratory director, ME - Mechan-
ical Engineer, MGA - military geographic analyst, P - photo-
grammetrist, PE - project engineer - terrain modeling, PM -
project manager - softcopy image systems, PS - physical sci-
entist, RA - requirements analyst, SE - software engineer, TA -
terrain analyst, TE - technical equipment specialist. The row
"Years" indicates the number of years the individual has been
working with stereo imagery.

The Part 1 version # data summary tables numbered F.2, F.4,

F.6, F.8, F.10, and F.12 show the computed data used in the



analysis. The table version numbers correspond to the stereo-

model set versions. The "POS" and "x;i" columns, and the
"**POLYNOMIAL COOR" (pp)" are the same as described
above. The "** SIMPLE COOR" (ps) was computed after rejec-
tions. The "OBS USED" column refers to the number of rating
by position used to compute the arithmetic mean shown in the
"MEAN ALL" column. The “"STD DEV" column indicates the

tr

computed standard deviation of the mean. "Ug" shows the arith-
metic mean of the standard deviations of the ratings. The
"NPIC", "DMA", "ETL", and "OTHER MEAN" value columns
show the means of each organization's evaluators. "Total"
refers to total observations used in calculating correlations.
The Part 1 data plots and polynomial regression curves show
how the mean ratings by version and agency relate to stereo-
model x; values. Figures F-1 through F-6 show each stereo-

gram version data. Figures F-7 through F-10 show each

agency's results.
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Version 1: X; values
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Rating = 1.820406 + 0.143057 x; - 0.001015 x;2

Figure F-1. Version 1: Regression of mean ratings on Xx;.

wQ s 0 g
e
|

0= t 1 i — 1 =
-10 0 10 20 30 40 50 60 70 80

Version 2: x; values

Rating = 1.165665 + 0.205088 x; - 0.001730 x;2

Figure F-2. Version 2: Regression of mean ratings on xj.
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Version 3: x; values
Rating = 1.000181 + 0.201937 x; - 0.001737 x;2

Figure F-3. Version 3: Regression of mean ratings on xj.
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Version 4: x; values

Rating = 1.501318 + 0.190835 x; - 0.001725 x;2

Figure F-4. Version 4: Regression of mean ratings on xj.
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Version 5: X; values

Rating = 1.791770 + 0.199016 x; - 0.001890 x;2

Figure F-5. Version 5: Regression of mean ratings on xj.
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Version 6: x; values
Rating = 1.235818 + 0.198455 xj - 0.001734 x;2

Figure F-6. Version 6: Regression of mean ratings on x;.
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x; values

Rating = 0.913269 + 0.212546 x; - 0.001941 x;2

Figure F-7. Polynomial regression of NPIC ratings on xj.
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xj values

Rating = 1.780633 + 0.150250 xj - 0.001083 x;2

Figure F-8. Polynomial regression of DMA ratings on xj.
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Rating = 1.576388 + 0.201303 x; - 0.001851 x;2

Figure F-9. Polynomial regression of USAETL ratings on xj.
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Figure F-10. Polynomial regression of other ratings on xj.
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APPENDIX G. PART 2 DATA

The evaluator's profiles and the Part 2 evaluations are shown
in the Part 2 version # data tables numbered G.1, G.3, G.5,
G.7, G.9, and G.11. The table version numbers correspond to
the stereomodel set versions. The "POS" column refers to the
stereogram position of the card. The x; shows the computed xj
for the stereomodel. The numbered rows (0001, 0002...0018..)
reflect the booklet number used by the evaluator. This number
is preceded on the booklet by the version number, for example
1-0001. The code "U" indicates the data in the column was the
unrectified control stereomodel. The code "RS" refers to a
stereomodel with left and right image having different scales,
these data were not used in computing means. The code "R"
denotes a rejected score. The reasons for not using this data is
explained in Chapter 6.

The "*SIMPLE CORR" row lists the computed simple correla-
tion using all of the evaluators ratings. The "*POLYNOMIAL
CORR" row shows the computed 2nd order polynomial correla-
tion using all of the evaluators ratings. The **POLYNOMIAL
CORR" row shows the computed 2nd order polynomial correla-
tion after rejected scores have been removed. The term
"AGENCY" refers to the agency conducting the evaluation;
NPIC - National Photographic Interpretation Center, Washington
D.C.; DMAAC - Defense Mapping Agency Aerospace Center, St.
Louis, MO.; USAETL - United States Army Engineer Topo-
graphic Laboratories, Fort Belvoir, VA,; DMASC - Defense



Mapping Agency Systems Center, McLean, VA.; USGS - United
States Geological Survey, Menlo Park, CA.; UCB - University
of California, Berkeley, CA.; SRI - SRI International, Menlo
Park, CA.; and unlabeled - my son David Cain.

In the row "GLASSES" Y indicates the evaluator wears
glasses, N indicates the evaluator does not wear glasses. The
/Y indicates the evaluator used glasses when rating the stereo-
models, /N indicates the evaluator did not wear glasses when
rating. The row "STEREO TESTED" indicates whether the eval-
uvator had been formally tested for stereo vision. Y indicates
yes, N no.

The row "JOB EXPERIENCE" reflects the evaluator's
description of his/her training and/or current job; ASO -.analyt-
ical stereoplotter operator, C -.cartographer, CS - computer sci-
entist - image understanding, DB - data base generation special-
ist, E - engineer, EE - electrical engineer, G - geologist, GE -
geographer, IA - Image Analyst, IP - image processor, IS -
imagery scientist, LAB DIR -laboratory director, ME - Mechani-
cal Engineer, MGA - military geographic analyst, P - photo-
grammetrist, PE - project engineer - terrain modeling, PM -
project manager - softcopy image systems, PS - physical sci-
entist, RA - requirements analyst, SE - software engineer, TA -
terrain analyst, TE - technical equipment specialist. The row
"Years" indicates the number of years the individual has been
working with stereo imagery.

The Part 2 version # data summary tables numbered.G.2,

G.4, G.6, G.8, G.10, and G.12 show the computed data used in

214



215

the analysis. The table version numbers correspond to the
stereomodel set versions. The "POS" and "xi" columns, and the
"**POLYNOMIAL COOR" (pp) are described above. "U" and
"RS" are described above. The "*¥* SIMPLE COOR" (pg) was
computed after rejections. The "OBS USED" column refers to
the number of rating by position used to compute the arithmetic
mean shown in the "MEAN ALL" column. The "STD DEV" col-
umn indicates the computed standard deviation of the mean.

Ho
ratings. The "NPIC", "DMA", "ETL", and "OTHER MEAN"

shows the arithmetic mean of the standard deviations of the

value columns show the means of each organization's evalua-
tors. "Total” refers to total observations used in calculating
correlations.

The Part 2 data plots and polynomial regression curves show
how the mean ratings by version relate to stereomodel x; val-
ues. Figures G-1 through G-6 show each stereogram version

data.
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Figure G-1. Version 1: Regression of mean ratings on xj.
8
R 7 - .
ta 6 *a® I ]
P9
n 4
S 2 L] L | ]

Figure G-2. Version 2: Regression of mean ratings on xj.
R 8
a
: 7
i 6
nos
g
s 4 + : + 4 t t + 4
-10 0 10 20 30 40 50 60 70

Figure G-3.
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Version 1: Xj values

Rating = 4.980887 + 0.041180 x; - 0.000206 x;2

-10 0 10 20 30 40 50 60 70
Version 2: X values

Rating = 4.550921 + 0.081191 x; - 0.000206 x;2

Version 3: x; values

Rating = 4.603424 + 0.065710 x; - 0.000496 x;2

Version 3: Regression of mean ratings on xj.
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Version 4: X; values
Rating = 4.998640 + 0.062140 x; - 0.000564 x;2

Figure G-4. Version 4: Regression of mean ratings on x;.
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Version 5: X4 values
Rating = 5.025632 + 0.098822 x; - 0.001129 x;2

Figure G-5. Version 5: Regression of mean ratings on x;j.
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Version 6: X5 values
Rating = 4,161361 + 0.123599 x; - 0.001349 x;2

Figure G-6. Version 6: Regression of mean ratings on xj.
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APPENDIX H. PART 3 DATA

Evaluator's Part 3A height estimations of the plate Object I
are shown in the Part 3A version # data tables numbered H. 1,
H.2, H.3, H.4, H.5, and H.6. The Part 3A sterecograms con-
sisted of unrectified plate images (see Chapter 6 and Appendix
A). The data shown has been normalized to provide a vertical
exaggeration (Ey) value for each estimation. The "NORMAL-
IZING FACTOR" is the position 1 height estimation for Object I
of each evaluator. To obtain the Ey values, each evaluator's
estimates were divided by the normalizing factor. A "/" indi-
cates no height estimate was provided by the evaluator. The table
version numbers correspond to the stereomodel set versions.
The "POS" column refers to the stereogram position of the card.
The xj shows the computed x; for the stereomodel. The num-
bered rows (0001, 0002+«... 0018..) reflect the booklet number
used by the evaluator. This number is preceded on the booklet
by the version number, for example 1-0001. The computed
arithmetic mean of all the Ey values for each position are shown
in the "MEAN" column. Data from all evaluators who completed
Part 3A was used in computing this arithmetic mean. The "STD
DEV" column indicates the computed standard deviation of the
mean. Data obtain from objects other than object I were not
used in this analysis and are not shown in the tables (see
Appendix E).

The Part 3B height estimations of the Figure I are shown in

the Part 3B version # data tables numbered H.7, H.8, H.9,
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H.10, H.11, and H.12. The Part 3B stereograms consisted of
the rectified images used in the Part 2 evaluation (see Chapter
6). The data shown was developed using the same procedures
as in Part 3A. The code "U" indicates the data in the column
was obtained from the unrectified control stereomodels. The
code "S" refers to a stereomodel with left and right image hav-
ing different scales. These data were not used in computing

regression correlations..
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