
Motion perception: The effects of
perceived three-dimensional distance.

Item Type text; Dissertation-Reproduction (electronic)

Authors Mowafy, Marilyn Kay.

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 24/05/2023 21:09:46

Link to Item http://hdl.handle.net/10150/184431

http://hdl.handle.net/10150/184431


· INFORMATION TO USERS 

The most advanced technology has been used to photo
graph and reproduce this manuscript from the microfilm 
master. UMI films the original text directly from the copy 
submitted. Thus, some dissertation copies are in typewriter 
face, while others may be from a computer printer. 

In the unlikely event that the author did not send UMI a 
complete manuscript and there are missing pages, these will 
be noted. Also, if unauthorized copyrighted material had to 
be removed, a note will indicate the deletion. 

Oversize materials (e.g., maps, drawings, charts) are re
produced by sectioning the original, beginning at the upper 
left-hand corner and continuing from left to right in equal 
sections with small overlaps. Each oversize page is available 
as one exposure on a standard 35 mm slide or as a 17" x 23" 
black and white photographic print for an additional charge. 

Photographs included in the original manuscr,ipt have been 
reproduced xerographically in this copy. 35 mm slides or 
6" x 9" black and white photographic prints are available for 
any photographs or illustrations appearing in this copy for 
an additional charge. Contact UMI directly to order. 

,V·M·I 
Accessing the World's Information since 1938 

300 North Zeeb Road, Ann Arbor, M148106·1346 USA 

-----------------_ ..................... ----=========== ..... -.... 



----------------------------------------_ . .... _.,.,. 



Order Number 8816316 

Motion perception: The effects of perceived three-dimensional 
. distance 

Mowafy, Marilyn Kay, Ph.D. 

The University of Arizona, 1988 

U·M·I 
300 N. Zeeb Rd. 
Ann Arbor, MI 48106 

---- .. -.-._-----------------------------------------_ ...... - ,." 



1'1"' 

:~ 

------------------------------------------------- - .... - ,.,. 



PLEASE NOTE: 

In all cases this material has been filmed In the best possible way from the available copy. 
Problems encountered with this document have been Identified here with a check mark_";_. 

1. 

2. 

3. 

4. 

S. 

6. 

7. 

8. 

9. 

10. 

Glossy photographs or pages v/ 

Colored illustrations, paper or prlnt __ _ 

Photographs with dark background __ 

illustrations are poor copy __ _ 

Pages with black marks, not original copy __ 

Print shows through as there is t~xt on both sides of page __ _ 

Indistinct, broken or small print on several pages __ _ 

Print exceeds margin requirements __ 

Tightly bound copy with print lost In spine __ _ 

Computer printout pages with indistinct print __ _ 

11. Page(s) lacking when material received, and not available from school or 
author. 

12. Page(s) seem to be missing in numbering only as text follows. 

13. Two pages numbered . Text follows. 

14. Curling and wrinkled pages __ 

15. Dissertation contains pages with print at a slant, filmed as received ___ _ 

16. Other., _________________________ _ 

U'MI 



------------------------------------------ "." ,_. ,,,. 



If 

MOTION PERCEPTION: THE EFFECTS OF 

PERCEIVED THREE-DIMENSIONAL DISTANCE 

by 

Marilyn Kay Mowafy 

A Dissertation Submitted to the Faculty of the 

DEPARTMENT OF PSYCHOLOGY 

In Partial Fulfillment of the Requirements 
For the Degree of 

DOCTOR OF PHILOSOPHY 

In the Graduate College 

THE UNIVERSITY OF ARIZONA 

1 9 8 8 



II 

THE UNIVERSITY OF ARIZONA 
GRADUATE COLLEGE 

As members of the Final Examination Committee, we certify that we have read 

the dissertation prepared by ____ ~Ma~r~i~l~y~n~K~.~M~o~w~a~f~y ____________________ ___ 

entitled Motion Perception: 

The Effects of Perceived Three-Dimensional Distance 

and recommend that it be accepted as fulfilling the dissertation requirement 

for the Degree of Doctor of Philosophy 

L';:fiaLd a -&0),> 1" IC. April 28. 1988 ':or Lynn A. Cooper , Date 

G~~_ .. 
April 28, 1988 

Dr. William H.~son Date 

bLD~ ! April 28, 1988 
r. Neil R.~rtIett Date 

April 28. 1988 
Date 

April 28, 1988 
Date 

Final approval and acceptance of this dissertation is contingent upon the 
candidate's submission of the final copy of the dissertation to the Graduate 
College. 

I hereby certify that I have read this dissertation prepared under my 
direction and recommend that it be accepted as fulfilling the dissertation 
requirement. 

'Dis rtat n Director! 
April 28. 1988 

Date 

2 



It 

STATEMENT BY AUTHOR 

This dissertation has been submitted in partial 
fulfillment of requirements for an advanced degree at The 
University of Arizona and is deposited in the University 
Library to be made available to borrowers under rules of 
the Library. 

3 

Brief quotations from this dissertation are 
allowable without special permission, provided that 
accurate acknowledgment of source is made. Requests for 
permission for extended quotation from or reproduction of 
this manuscript in whole or in part may be granted by the 
head o,f the maj or department or the Dean of the Graduate 
College when in his or her judgment the proposed use of the 
material is in the interests of scholarship. In all other 
instances, however, permission must be obtained from the 
author. 

SIGNED~~ctS 



11" 

4 

DEDICATION 

For my parents with love. 



rr 

5 

ACKNOWLEDGMENTS 

In my first year of graduate school I protested 
that I would never become "a damned psychologist. II While 
others scoffed and scolded, one person just nodded 
knowingly. To that person, Professor William H. Ittelson, 
I wish to express a very special thank you for teaching me 
the joy of scholarship in Psychology. He is an explorer, a 
gentle man, and a friend, without whom this dissertation 
could never have been accomplished. 

To the Chair of my dissertation committee, 
Professor Lynn A. Cooper, I wish to express sincere 
gratitude for helping me learn to aim high in my 
aspirations as a female scientist. She taught me always to 
'concentrate on the phenomenon'; clarifying my thinking and 
purifying the research method until the phenomenon could be 
cast in bold relief. This axiom guided the preparation of 
this dissertation, and will remain with me throughout my 
career. I also thank the other members of my dissertation 
committee--Neil Bartlett, Lynn Nadel, and Mike Harnish for 
their support and encouragement through some mighty 
difficult times. Dr. Joe Stevens offered insightful advice 
and keen sensitivity to my fear and frustration. Dr. A.J. 
Figueredo held my hand through the statistical analyses. 

Ron Johnson appeared in the nick of time and 
provided the flawless computer programs for the 
experiments. Mark Backarich and Joe Couvillion aided in 
the design and construction of the viewing apparatus. Hans 
Roehrig provided technical assistance in measuring the 
luminosity of the stimUlUS displays. 

. And finally, I wish to thank my subjects (MA, MB, 
SO, BG, SL, JN, RP) for their cooperation, patience, and 
motivation. They often thought it would never end. 

Even psychologists do not live by research alone. 
Throughout the course of this project Mark Andersen and 
Russ Parsons also were busy working on their dissertations. 
Nevertheless, they found the time to offer helpful 
suggestions, encouragement, and creative ideas for the much 
needed escapes from dissertation dementia. Without these 
dear people, I probably would have become a 'damned 
psychologist'. 

--_ ... __ .----------------------------------------



Ii 

1. 

2. 

6 

TABLE OF CONTENTS 

Page 

LIST OF ILLUSTRATIONS • . . . . . . . . . . 8 

LIST OF TABLES . . . . . . . . . . . . . 10 

ABSTRACT . . . . . . . . . . . . . . . . . 11 

INTRODUCTION . . . . . . . . . . . . . . . . . 13 

Motion Perception • • • • • • • • • • • • • •• 20 
Two Motion Measurement Systems • • • • • •• 21 

The segregation of 'random-dot 
cinematograms'. • • • • • • • • • • • 24 
Multistable motion displays • • • • • 27 
Motion aftereffects • • • • • • • • • •• 30 

Models of the Short-Range Motion Measurement 
System • • • • •• ••••••••• 32 

Correlation Models • • • • • • • • • •• 35 
Gradient Models • • • • • • • • • • • • • •• 36 

The Interaction of Motion Measurement Systems 
With Other Visual Information Processing 
Systems • • • • • • • • • • 

Conclusion • • • • • • • • • 

GENERAL METHOD AND PILOT STUDIES 

• • · . . 
· . . . 

. . . . . 
. . . 

38 
47 

49 

General Method • • • • • • • • • • • • • 53 
Subjects • • • • • • • • • • • • • • 53 
Stimuli • • • • • • • • • • • • • •• 53 

Stereoscopic displays • • • • • 53 
Motion display • • • • • • • • 55 

Apparatus • • • • • • • • • • • • • 57 
Procedure • • • • • • • • • • • • • 57 

Pilot Study 1 • • • • • • • • • • • • • • • • . 58 
Method • • • • • • • • • • • 59 

Subj ects • • • • • • • • • • • • 59 
Stimuli • • • • • • • 59 
Procedure • • • • • • • • • • • •• 63 

Results and Discussion • • • • • • • • • • . 64 
Pilot Study 2 • • • • • • • • • • • • • 69 

Method • • • • • • • 69 
subj ects • • • • • • • • • •• 69 
stimuli • • • • • • • • •• 69 
Procedure • • • • • • • • • • • • • 70 

Results and Discussion • • • • • • 70 
Additional Exploratory Studies • • • • • 72 

stereoscopic Display • • • • • • • • • • 73 
Relative position of the two planes • •• 73 



IT 

3. 

4. 

5. 

6. 

TABLE OF CONTENTS - continued 

Disparity of the control stereogram • 
Velocity 
Velocity Difference • 
Eye Viewing the Motion Display 
Display Apparatus 
Simultaneous versus Sequential 

Element Motion 
Summary • 

EXPERIMENT 1 

Method 
Subjects 
stimuli 
Procedure 

Results 
Discussion 
Summary • 

EXPERIMENT 2 

Method 
Subjects 
stimuli 
Procedure 

Results 
Discussion 
Summary • 

EXPERIMENT 3 

Method 
subjects 
stimuli and Procedure 

Results 
Discussion 
Summary • 

CONCLUDING ANALYSIS AND GENERAL DISCUSSION 

Inclusive Analysis of Experiments 2 and 3 
General Discussion 

APPENDIX A 

APPENDIX B 

REFERENCES 

7 

Page 

73 
74 
74 
75 
75 

75 
76 

78 

79 
79 
79 
83 
85 
92 
96 

98 

100 
100 
100 
102 
104 
114 
118 

120 

123 
123 
123 
123 
129 
132 

134 

134 
137 

143 

145 

149 



If 

LIST OF ILLUSTRATIONS 

Figure 

1. The Geometric Relationship of Motion Direction 
and Spatial Displacement for an Element 

8 

Page 

Translating at Constant Velocity • • 51 

2. stereograms Used in Pilot Study 1 •• . . . 60-61 

3. Mean Number of 'SAME' Responses at Each Velocity 
Difference Condition for pilot Study 1 • •• 65 

4. Mean Number of 'SAME' Responses at Each Velocity 
Difference on Each of the Four Stereograrns 
and the Practice Trials Used in pilot 
study 1 • • . . . . • . • . . . . . • . .. 67 

5. Mean Number of 'SAME' Responses at Each Velocity 
Difference on Each of the Four Stereograms 
and the Practice Trials Used in pilot 
Study 2 • • • • • • • 71 

6. Stereograms Used In Experiment 1 . . . . . 82-83 

7. Mean Number of 'SAME' Responses at Each Velocity 
Difference Condition for Experiment 1 86 

8. Mean Number of 'SAME' Responses at Each Velocity 
Difference on Each of the Two Stereograms and 
the Practice Trials Used in Experiment 1 •• 88 

9. Individual Observer's Mean Number of 'SAME' 
Responses for Each sterecgram as a Function of 
Velocity Difference • • • • • • • • • • •• 91 

10. Individual Observer's Mean Number of 'SAME' 
Responses for Each Stereogram as a Function of 
the Relative Position of the Standard and Test 
Elements in the Motion Display • • • • • •• 93 

11. Individual Observer's Mean Number of 'SAME' 
Responses for Each Stereogram as a Function of 
Time Constant versus Distance Constant in the 
Motion Display • • • • • • • •• • • •• 94 

12. Stereograms Used In Experiment 2 • • • • • • 103 



9 

LIST OF ILLUSTRATIONS - continued 

Figure 
Page 

13. Mean Number of 'SAME' Responses at Each Velocity 
Difference condition for Experiment 2 105 

14. Mean Number of 'SAME' Responses at Each Position 
and Velocity Difference for Each of the Two 
Stereoscopic Displays and the Practice Trials 
Used in Experiment 2 • • • • • • • • • • •• 107 

15. The Data in Figure 14 Plotted to Show the 
Differences Between STEREO-1 and the CONTROL 
at the -30% and +30% Velocity Differences 
for the Two Relative Positions • • • • • •• 110 

16. Individual Observer's Mean Number of 'SAME' 
Responses for Each stereogram as a Function 
of Velocity Difference and Position 113 

17. Stereograms Used in Experiment 3 • • • • • • • • 124 

18. Mean Number of 'SAME' Responses at Each Velocity 
Difference Condition for Experiment 3 • •• 126 

19. Mean Number of 'SAME' Responses at Each position 
and Velocity Difference for Each of the Two 
Stereoscopic Displays and The Practice Trials 
Used in Experiment 3 • • • • • • • • • • •• 128 

20. The Results of Experiments 2 and 3 Plotted to 
Show the differences Between position 1 and 
position 2 at the -30% and +30% Velocity 
Differences for the Four stereoscopic Display 
Contexts • • • • • • • • • • • • • • • • 136 

21. The Stereoscopic Display • • • . . . . 148 

22. Subject Ready for Experimental Session . . . 148 



If 

10 

LIST OF TABLES 

Page 
Table 

1. ANOVA Summary of Inter-Observer Variability 
in Experiment 1 • • • • • • • • • • • • 90 

2. Mean Number of 'SAME' Responses for Each 
Observer as a Function of Velocity Difference 
and Stereogram • • • • • • • • • • • • • •• 90 

3. Mean Number of 'SAME' Responses for Each 
Velocity Difference and stereogram • 107 

4. ANOVA Summary of Inter-Observer Variability in 
Experiment 2 •• • • • • • • • • • • • • • • 112 

5. Mean Number of 'SAME' Responses for Each 
Observer as a Function of Position, Velocity 
Difference and Stereogram • • • • • • • • • • 112 

6. Mean Number of 'SAME' Responses for Each Velocity 
Difference and Stereogram • • • • • • • • • • 128 

______________________________________ .. __ . . H"_· .... · 



11 

ABSTRACT 

contemporary computational models of motion 

perception assume that in processing continuous or near

continuous motion information, the visual system measures 

spatial displacement in retinal coordinates over a series 

of time-varying images. Additional three-dimensional 

information possessed by the system purportedly does not 

influence this low-level motion analysis. The present 

research investigated the influence of static three

dimensional distance information recovered from binocular 

disparity on the perceived direction of motion. It was 

assumed that if a stereoscopic display context influenced 

perceived motion direction, the apparent velocity of a 

moving element would increase in order to tr~verse the 

greater apparent distance. This would be reflected in a 

predictable pattern of errors when the true angular 

velocity was the same, slower or faster than that of the 

standard. The stimuli consisted of random-dot stereograms 

depicting surfaces at varying distances and orientations. 

In one stereoscopic display, the disparity information 

indicated a surface sloping smoothly in depth from crossed 

to uncrossed disparity. The second display contained two 

fronto-parallel planes at discrete distances from the 

observer. Motion stimuli were single elements translating 

horizontally and presented monocularly to the observer's 

right eye. 
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Experiment 1 compared differential velocity 

judgments in the contexts of the sloped surface and a 

control condition at zero disparity. The results indicated 

an overall increase in the perceived velocity of the 

element moving in the context of the sloped surface. The 

pattern of results was replicated in experiment 2, but an 

additional effect of the relative positions of the two 

surfaces also was obtained. Experiment 3 explored the case 

of two discrete fronto-parallel planes, one at crossed 

disparity and the other at uncrossed disparity. This 

experiment also produced a position effect, but indicated 

that the perceived distance of the two planes did not 

differentially affect observer's velocity judgments. It 

was concluded that in some cases, the metric of motion 

analysis could be affected by three-dimensional information 

recovered from binocular disparity. The particular case 

discovered in these experiments was a surface that appeared 

to slope smoothly in depth. Discrete depth planes produced 

no such effect. 
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Motion perception is a fundamental and ubiquitous 

ability of biological visual systems. It is evidenced in 

organisms' facility in directing locomotion through 

environments cluttered with objects, in detecting sudden 

motion of prey or predator, in tracking the motion of other 

objects, and in identifying three-dimensional structure 

from motion alone. The remarkable versatility of the 

biological visual system in processing motion information 

suggests that however complex the system may be, it is also 

robust and flexible. Therefore, the study of motion 

perception potentially offers a powerful tool for 

understanding the mechanisms involved in processing visual 

information as well as insight into the nature of mental 

representation of the visual world. 

In the early Nineteenth century, motion perception 

was assumed to be derived from the fundamental sensations 

of change in space and time. The observer localized an 

object in space and simply noted its continuous change in 

location over time (Boring, 1942). Demonstrations of 

stroboscopic motion, motion aftereffects and induced 

motion, however, led theorists to reevaluate the received 

view on motion perception. How could the discrepancy 

between stimulus and percept evidenced in these illusions 

be explained? In 1870 Dvorak, a student of Mach, proposed 

--------_.----------------------------------------



14 

that motion was a "simple retinal process" to be understood 

in its own right rather than a complex of time and space. 

Similarly, in 1912 Wertheimer argued that motion was "an 

immediate sensory phenomenon, in no wise dependent upon an 

inference based upon change in place and time" (Boring, 

1942, p.595). 

Now considered a primary percept, motion perception 

has stimulated considerable interest in many diverse fields 

of vision research. It is the fundamental mechanism of 

visual perception in certain psychological theories 

(Gibson, 1979), a critical problem in the areas of 

artificial intelligence and robotics (Aggarwal, 1986), and 

the focus of intensive psychophysical and neuro

physiological analysis (Nakayama, 1985). The basic 

question that has engaged researchers in all areas is how 

can the motion of an object in space be perceived when the 

three-dimensional event is projected onto the two

dimensional surface of the retina? 

Perceiving motion involves an interaction between 

the visual system of the observer, the structure of objects 

in the visual field, illumination, and the physics of 

motion. Each component in this interaction constrains the 

resulting percept. Object structure, illumination and the 

physical laws governing motion constrain the projected 

image of the scene to the observer. The visual system is 

constrained to processing a two-dimensional retinal 
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projection of the event. Recovery of the three-dimensional 

event information is dependent upon the nature of both the 

projection and its subsequent processing by the visual 

apparatus. Two approaches for explaining the nature of the 

recovery process have been proposed. The first 

concentrates on the nature of the projection, while the 

second focuses on the nature of internal processing. 

Gibson's (1979) theory of direct perception 

proposes that the geometric structure of the ambient optic 

array unambiguously specifies object structure and the 

nature of the event. That is, the layout and illumination 

of surfaces in the visual field impose tight geometric 

constraints on the projected optical pattern. with 

relative motion of observer and environment, the changing 

structure of the optic array reveals those components of 

three-dimensional structure that remain invariant under the 

transformation. This available information is perceptually 

useful to an observer whose nervous system 

characteristically resonates with it. Although research 

motivated by the direct perception perspective has 

identified important sources of perceptually useful 

information in optic flow patterns (Hay, 1966; Kaplan, 

1969; Gibson, 1979; cutting, 1986; Koenderink, 1986; 

Lappin, 1986), the elegant simplicity of this approach 

masks serious problems for a complete understanding of 

visual motion perception. This approach typically 
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de-emphasizes the constraints imposed by the visual system 

of the observer, including the necessity for internal 

processing or mental representation of the geometric 

structure. Nevertheless, presumably some internal 

processing must be involved, at least at the level of 

selecting task appropriate information (Cutting, 1986). 

Moreover, some mental representation must be involved in 

order to explain the observer's ability to plan, 

anticipate, or recall events in the absence of visual input 

(Shepard, 1984). 

In contrast, theories of indirect perception (Marr, 

1982; Rock, 1983; Hochberg, 1981, 1985) have proposed that 

information available in the optical pattern fails to 

specify unambiguously object structure or the nature of the 

transformation. Because the three-dimensional event is 

projected onto a two-dimensional surface, explicit depth 

and distance information is under-determined. Therefore, 

the visual system must solve a problem of 'inverse optics', 

the recovery three-dimensional depth and distance from an 

image (Poggio and Koch, 1985). To explain the system's 

ability to solve this problem, indirect theories assume 

that the image contains cues to three-dimensional 

structure. In processing these cues, the system produces a 

mental representation explicitly describing the recovered 

three-dimensional information. Although indirect theories 

can avoid the problems found in direct perception 
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approaches by positing internal processes and 

representations, they also fail to provide a complete 

understanding of motion perception. While direct 

perception theories maintain the coupling of structure and 

motion information in the pattern of optical flow, indirect 

perception theories dissociate these components in order to 

investigate the processing of specific cues. Those 

processes involved in recovering depth and distance from 

motion cues are assumed to be independent of those 

operating over static cues. This characteristic of the 

indirect approaches is particularly evident in recent 

computational accounts of visual perception. For example, 

Marr (1982) proposed a model of early vision that involves 

a set of processing modules, each responsible for 

recovering three-dimensional structure from image 

intensities. Each module operates automatically and 

autonomously over a specific source of information, such as 

motion, retinal disparity, or surface texture. Since 

modular models assume isolated proprietary processes in 

early vision, they necessarily must assume that the three

dimensional information recovered by individual processes 

is combined at some later stage to yield a unified percept. 

A current problem of considerable theor'etical and empirical 

interest is to identify the stage at which the information 

drawn from various sources is combined. 
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The present research is an attempt to investigate 

the processing stage at which static information about 

three-dimensional spatial structure combines with 

information involved in the perception of motion. It is 

assumed that when combined, information sources may 

systematically interact, thereby producing a percept that 

would not be predicted from the operation of a single 

isolated mechanism. Specifically, this investigation is 

designed to determine whether three-dimensional information 

recovered from the disparity of binocular images interacts 

with motion perception at a very early processing stage, 

the detection and measurement of motion. 

If obtained, the results of such a demonstration 

would present interesting implications for the theoretical 

development of indirect perception models. Many current 

models assume that the information recovered from various 

cues is combined relatively late in processing. For 

example, in Marr's model the output of individual modules 

is announced as a completed "structure-from" representation 

in the 2 1/2-D sketch. If information arising from 

different sources is combined at the level of motion 

detection and measurement, however, the combination stage 

either occurs much earlier than current models allow, or 

biological processing of visual information may not be 

accomplished solely by isolated operators. It may be that 

certain visual processing mechanisms, such as those 
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involved in motion perception, interact with other 

mechanisms at the initial measurement stage if the 

information is available. 

19 

The remainder of this introduction provides a 

selected review of the literature on motion perception and 

the effects of additional information sources on the 

perception of motion. In the first section, motion 

perception is described as a two-stage process involving 

the measurement of motion in a two-dimensional retinal 

image and the subsequent use of these measurements in a set 

of motion-specific processing tasks. This description 

reflects the current 'computational' trend in the study of 

motion perception. The motion measurement stage then is 

described as being supported by two separate processes 

operating on different sources of information, depending on 

whether the input of information over time is continuous or 

discrete. As this investigation focuses on motion 

measurement, these separate processes are discussed in 

detail. The second section provides a description of 

recent attempts to model motion perception within the 

information processing framework. Because the research 

described in Chapters 2, 3, 4, and 5 utilizes motion 

stimuli that may be classified as continuous, this section 

describes models of the motion processing system that 

operates over continuous information input. Finally, the 

third section examines the effects of additional sources of 

------ ------------------------------------
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depth and distance information on the perception of motion. 

In ord'er to encompass a diverse literature, the concept of 

information is broadly defined to include not only 

information available directly from the retinal image, but 

also information recovered after considerable processing, 

such as recognized object form. 

Motion Perception 

The relative motion of observer and environment 

establishes a pattern of stimulation at the retina. Under 

most conditions, detection results in the perception of 

motion. For over a century, researchers have sought to 

identify the purpose of motion perception and the nature of 

motion processing mechanisms. Nakayama (1985) has outlined 

no less than seven general functions of motion perception. 

In addition to detecting object motion, these include 

proprioception, directing eye movements, preventing 

stabilized image fading, image segmentation, determining 

time to collision, and inferring three-dimensional object 

structure from motion. Although these diverse functions 

may indicate a set of mechanisms separately analyzing the 

changing retinal image, information-processing approaches 

generally assume that motion perception involves a two

stage process (Hildreth & Koch, 1987). The first stage is 

the detection and measurement of change in the retinal 

image. Mechanisms at this stage may be considered general 

purpose operators analyzing a two-dimensional pattern of 

-'-----------------------------------------



spatio-temporal change. The results of these initial 

analyses serve as input to the second stage of processing 

where special purpose operators complete motion analysis. 

The special purpose operators subserve the various 

functions of motion perception such as image segmentation 

or determining three-dimensional structure. Because the 

second-stage operators are more specialized, they may 

require different types of input information. Whereas 

image segmentation may require only fast and crude 

measurements, determining three-dimensional structure may 

require considerable measurement precision (Hildreth & 

Koch, 1987). To date, researchers have identified two 

separate motion measurement systems that provide 

information for the special purpose operators. 

Two Motion Measurement Systems 

21 

The stimulus for motion perception may be 

continuous or discrete. During the natural occurrence of 

observer/environment relative motion, the stimulus is a 

continuous optic flow pattern. But biological systems also 

can perceive apparent motion, in which the stimulus is 

simplified from continuous change to a set of discrete 

stimuli presented sequentially. Under the appropriate 

spatial, temporal, and luminance conditions humans cannot 

discriminate between real and apparent motion (Clatworthy & 

Frisby, 1973; Barbur, 1981; but see Kolers, 1986). 

----- - -------------------------------------------------------------------------
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For many years researchers identified apparent 

motion processing with real motion processing (cf. Gregory, 

1966; Kolers, 1972). Despite longstanding tradition, 

recent research has revealed that discrete alternating 

stimuli are not necessarily subject to the same visual 

motion analysis processes. Since the early 1970's there 

has be,en accumulating evidence that there are at least two 

independent processing systems underlying the phenomena of 

apparent motion and, by implication, motion analysis in 

general. Braddick (1974) termed these the short-range, 

low-level system and the long-range, high-level system. 

Although it has been demonstrated that the two systems may 

interact (Clatworthy & Frisby, 1973; Green & von Grunau, 

1986), there is also evidence that they are initially 

independent (Mather, cavanagh, & Anstis, 1985; Gregory, 

1985), and may exhibit considerable overlap in covering the 

range of apparent motion stimuli (Mather and Anstis, 1986). 

The short-range system is associated with 

peripheral processing by directionally selective neurons in 

the visual pathway. It is generally agreed that the short

range system analyzes both continuous motion and discrete 

sequences of apparent motion within a very limited spatial 

(less than 15' visual arc) and temporal (less than 

80-100 ms interstimulus interval (lSI» range (Pantle & 

Picciano, 1976; Braddick, 1980; Baker & Braddick, 1985). 

Being a low-level "hardwired" system, short-range 
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processing is closely determined by the characteristics of 

the proximal stimulus. The assumed purpose of short-range 

processing is to detect and measure local motion direction 

and velocity (Braddick, 1980; Anstis, 1980; Marr & Ullman, 

1981; Hildreth, 1984) and provide the measurements needed 

for image segmentation. Image segmentation involves 

detecting luminance edges and identifying surface 

discontinuities in the visual field, thereby separating 

figure and ground, or figures from one another. The 

information provided by short-range process measurements 

also may constrain other processes. That is, it may 

constrain measurements by the long-range system (Braddick, 

1980) and the computation of three-dimensional object 

structure (Longuet-Higgins & Prazdny, 1980; Hoffman, 1982; 

Ballard & Kimball, 1983; Prazdny, 1983; Hildreth, 1984; 

Koenderink, 1986). 

In contrast to this short-range system, the long

range motion measurement system is associated with 

centralized "interpretative" (Braddick, 1980) or 

"cognitive" (Anstis, 1980) processing of apparent motion 

over a wide spatial and temporal parameter range. As a 

central process, it is presumably associated with neural 

activity much farther along the visual pathway, although no 

specific neural loci have been identified. The 

computational goal of the long-range system is to solve the 

'correspondence problem' (Ullman, 1979a), matching 
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corresponding token features between disparate images over 

relatively long temporal intervals. The capacity of this 

system for mapping true corresponding tokens, while 

dis-allowing anomalous matches, suggests that the long

range system may be responsible for providing the motion 

measurements for the recovery of three-dimensional 

structure from motion (Braunstein, 1976; Ullman, 1979a, 

1979b, 1984) and object identity (Marr, 1982). Various 

structure-from-motion models employ correspondence matching 

of elementary features j,n the image, such as points or line 

segments, as the input to the special purpose operator (see 

(Ullman, 1979a, 1981 for reviews of this literature). 

The plausibility of two separate motion measurement 

systems may be demonstrated by a variety of empirical facts 

accumulated in recent years. In the remainder of this 

section this evidence is reviewed in order to emphasize the 

distinctive characteristics of the short-range system. 

This system is emphasized because the focus of the present 

research is on the processing of continuously moving 

stimuli. In the next section, recent attempts to model 

this system are discussed. For clarity, the evidence 

presented here is organized into three sets of empirical 

phenomena. 

The segregation of "random dot cinematograms". The 

random dot cinematogram is produced by presenting 

alternating displays composed of randomly distributed 
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elements of the kind introduced by Ju1esz (1971) for the 

study of stereopsis. The display consists of two matrices 

of elements in which a central portion is repeated with a 

small lateral displacement. Each matrix, observed 

separately, is seen as a homogeneous texture with no 

apparent figural content. When presented in rapid 

alternation, however, the central portion is seen as an 

oscillating figure with a distinct boundary against a 

static background (if the surround elements are correlated) 

or against dynamic visual noise (if the surround elements 

are not correlated) (Anstis, 1970; Ju1esz, 1971; Lee, 

1972). Braddick (1973, 1974) developed a systematic study 

of the conditions resulting in segregation of the central 

matrix, and concluded that the short-range motion 

measurement system was responsible for the phenomenon. He 

found that segregation occurred only if the spatial 

displacement was 15' visual arc or less, lSI was less than 

80-100 ms (with a 100 ms exposure time), and the stimulus 

was presented monocularly or binocularly (but not 

dichoptica11y). Moreover, segregation could be abolished 

by presenting a bright uniform field during the lSI, 

indicating that the short-range system is subject to 

masking effects. 

The segregation phenomenon exhibits two important 

characteristics. First when the conditions for segregation 

are altered, for example by increasing displacement 

-_._-_. __ ... -----------------------------------
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distance, motion among local elements or clusters may be 

perceived. Motion per se is not abolished, only the 

phenomenon of segregation. Second, Anstis (1980) has noted 

that since no edges are detectible prior to the alternation 

of the two matrices, the perception of motion must be 

occurring before edge information is extracted. In 

contrast, Ramachandran, Rao, and Vidyasagar (1973) employed 

cinematograms in which apparent motion was perceived only 

after segmentation. Their matrices were composed of 

uncorrelated vertical and horizontal dashes against random

dot surrounds, and were presented at 1.50 visual arc with 

an lSI of 200 ms. Although the spatial and temporal 

conditions were well beyond the limits of the short-range 

system, a single matrix was seen to jump to-and-fro. Of 

interest is the fact that since there was no point-for

point correspondence between the two matrices, only the 

subjective contours formed by texture contrast could serve 

as the basis for apparent motion. Anstis concluded that 

these results indicate that the long-range system operates 

only after texture information is recognized and edge 

information is extracted. Thus, the short-range system may 

be seen as a restricted local motion measurement system, 

operating prior to and facilitating edge extraction, while 

the long-range system operates more freely, matching 

corresponding elements in the image, but after their 

initial segmentation. 
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Mu1tistab1e motion displays. A variety of 

empirical demonstrations dissociate the processing 

mechanisms of the short-range and long-range systems by 

producing qualitatively different motion perceptions under 

variation of the temporal, luminance, or spatial 

conditions. Each of these situations will be discussed in 

order. 

Dissociation relative to temporal variation is 

evidenced in the classic case of "Ternus' configuration". 

In Ternus' configuration each frame consists of three 

elements separated by 10 visual arc. The spatial location 

of the rightmost pair in the first frame exactly coincides 

with the location of the leftmost pair in the second frame. 

Two qualitatively different motion percepts can occur when 

the interstimu1us interval is varied (Petersik, 1975, 1980; 

Petersik & Pantle, 1979). When the interstimu1us interval 

is relatively long (80 ms or greater), the display appears 

to undergo coherent group movement, but if it is relatively 

short (20-40 ms), its appearance changes to element motion. 

In this case the central elements appear stationary, while 

the outermost element appears to jump over them. Although 

Ternus' configuration is considered primarily a temporal 

phenomenon, element motion also can be abolished by 

presenting the stimuli dichoptica11y (Pantle & Picciano, 

1976), or by perturbating element tilt between frames 

(Pantle & Petersik, 1980). Finally, Braddick and Ad1ard 

._--------------------------------------- -.. ~. ", 
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(1978) have abolished element movement by presenting a 

bright field during the interstimulus interval. These 

results not only parallel Braddick's masking effects in the 

segregation of the random dot cinematogram, but also 

support their conclusion that element motion in Ternus' 

configuration is caused by the short-range system 

signalling 'null motion' of the central elements (see also 

Braddick, 1980). 

Anstis and Mather (1985) have dissociated the 

short-range and long-range systems by varying the polarity 

of luminance edges between alternating frames. Each frame 

consisted of two dots, one black and one white. With 

minimal temporal and spatial displacement, judged direction 

of apparent Inotion occurred between elements of the same 

polarity. As the spatial displacement increased, judgments 

favoring 'same polarity' decreased by one-third. Anstis 

and Rogers (1975) used change in polarity to demonstrate 

the 'reversed phi' phenomenon. In these displays the 

frames consisted of elements slightly displaced and of 

contrasting luminance. When the frames alternated rapidly 

(lSI less than 50 ms), or gradually faded into one another, 

the perceived direction of motion was opposite that of the 

true spatial displacement. At longer interstimulus 

intervals, no motion was perceived. Hildreth (1984) 

produced reversed phi by alternating a frame consisting of 

black bars with a second frame containing the same bars 
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slightly displaced, but with their central portion changed 

to white. When the frames were alternated (33 ms lSI and 

4' visual arc displacement), the figure appeared to split. 

The surround composed of black bars appeared to move in the 

direction of true displacement (right) while the central 

portion of the figure (white bars) moved to the left. At 

longer .interstimulus intervals the black bar surround 

continued to move to the right, but the central white 

portion appeared stationary. Mather and Anstis (1986) have 

suggested that these phenomena indicate that only the 

short-range system is sensitive to luminance variations. 

The long-range system can match corresponding elements 

regardless of polarity change. This interpretation is 

consistent with research on the effects of color variation 

in the perception of apparent motion. Studies by 

Ramachandran and Gregory (1978) and Cavanagh, Boeglin, and 

Eizner-Favreau (1985) have shown that within the domain of 

the short-range system, image segmentation can be abolished 

when the frames contain color differences at equiluminance. 

Anstis (1970) not only abolished segmentation at 

equiluminance, but also found that the perceived direction 

of motion was dependent upon the luminance contrast between 

the elements and their background. In contrast, Kolers and 

von Grunau (1976) and Kolers and Green (1984) have 

demonstrated that under conditions stimulating the long

range system, smooth apparent motion between like-colored 
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and different-colored elements was dependent upon temporal 

factors, not luminance. 

Although spatial location was involved in the 

previous examples, there are also multistable motion 

demonstrations that rely specifically on spatial variation. 

Among these demonstrations are the common "wagon-wheel" 

effect often experienced in the cinema, and the rotating 

spiral illusion (see Ullman, 1979a for additional 

examples). Ramachandran and Anstis (1983) have 

demonstrated distance effects in an ambiguous motion 

display created by alternating dots that are diagonally 

juxtaposed at the corners of a virtual square. When the 

alternating dots are separated by approximately 10 visual 

arc, apparent horizontal. or vertical motion is equally 

likely. If they are presented in context of horizontal 

apparent motion, however, observers most often report 

horizontal motion. But when the distance between the 

context rows is decreased to within the spatial range of 

the short-range system (0.60 visual arc), the target dots 

appear to collide in the center and reverse direction. 

Hildreth (1984) has interpreted this bouncing effect as 

evidence that the short-range system signals vertical 

motion because the distance between rows is shorter than 

the distance between elements within each row. 

Motion aftereffects. The phenomenon of motion 

after-effect given prolonged viewing of a continuous motion 
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display has been established for many years and has been 

attributed to the adaptation of neural units (Barlow and 

Hill, 1963). If the short-range motion analysis system is 

related to peripheral neural unit processing, it should be 

possible to cause an apparent motion aftereffect under 

stimulus conditions that activate the short-range system. 

Banks and Kane (1972) have established that adaptation to 

viewing a set of circles that contract in size in discrete 

steps (displacement less than 10' visual arc) can produce 

motion aftereffects. Anstis (1980) produced aftereffects 

by synchronizing a polarity change in one direction with 

edge displacement in the opposite direction. Although 

motion was perceived in the direction of edge displacement, 

the direction of aftereffect motion reflected the effects 

of the polarity change. Anstis (1980) has taken these 

studies as support of a distinction between the short-range 

and long-range systems, because aftereffects to apparent 

motion rarely occur. On the other hand, recent reports by 

Pantle (in Mather & Anstis, 1986) and von Grunau (1986) 

indicate that the long-range system is also subject to 

aftereffects under the appropriate test conditions. 

Whether susceptibility to motion aftereffects remains a 

suitable criterion for differentiating the two motion 

measurement systems, will require additional research. 

To summarize, apparent motion research of the last 

15 years has revealed two separate motion measurement 
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systems operating in early visual processing. The short

range system typically is activated by continuous motion 

stimuli, but can process discrete stimuli presented over 

restricted spatial and temporal ranges. The instantaneous 

motion measurements computed by the short-range system are 

used in segregating moving surfaces from the background. 

The long-range system computes correspondences over larger 

spatial displacements and longer temporal intervals. The 

expanded measurement range of the long-range system 

suggests that it may be used in tasks of integration, such 

as determining three-dimensional object structure and 

object identity. Current models of motion perception tend 

to respect these distinctions. Prototypical models of the 

short-range motion measurement system are discussed in the 

next section. For descriptions of long-range system models 

see Ullman (1979), Thompson and Barnard (1981) and 

sperling, van Santen, and Burt (1985). 

Models of the Short-Range Motion 
Measurement System 

Among current information-processing theories of 

motion perception, the computational models developed 

through interdisciplinary work in artificial intelligence, 

psychology, and the neurosciences have generated the most 

concise accounts of early motion detection and measurement. 

computational modeling is based on the premise that the 

problem of inverse optics solved in early vision is an 

-------------------------------------------------
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"ill-posed" problem in the sense of Hadamard (Poggio & 

Koch, 1985). According to Poggio and Koch, a problem is 

well-posed "if its solution i) exists, ii) is unique and, 

iii) depends continuously on the initial data" (p. 305). 

consistent with the Gibsonian tradition, computational 

models assume that the solution does exist and that it 

depends continuously on the geometric structure of the 

projected optical pattern. Being an inverse problem, 

however, early vision does not yield a unique solution 

unless additional constraints are imposed on the operator 

(i.e., information processor). 

33 

In computational modeling, internal processes are 

defined as computational mapping functions that transform 

the two-dimensional pattern of light intensities registered 

at the retina into representations that describe the three

dimensional visual scene. The goal of these models is to 

describe the nature of the input and output 

representations, the nature of the mapping function, and a 

minimum set of necessary constraints operating in the 

system to yield a unique and veridical interpretation of 

the stimulus. Allowable constraints are assumed to 

represent nomic properties of the physical world that have 

been embodied in the visual system during its evolutionary 

history. A model is considered a plausible description of 

biological visual processing if its algorithms produce 

computer simUlations that parallel psychophysical and 
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behavioral data, and if they feasibly could be instantiated 

in nervous tissue (Levine, 1985~ Pentland, 1986). 

In modeling the short-range motion measurement 

system, computational approaches assume that information 

specifying direction and velocity of motion is not directly 

available to the visual system. Light registered at each 

point on the retina may be represented only as an intensity 

value. The computational problem is to recover motion 

information from this intensity array. More formally, the 

intensity value of each point in the image may be described 

in a two-dimensional, time-dependent matrix I(x,y,t), where 

I is intensity at retinal coordinates (x,y) at time t. Two

dimensional motion is described as a vector field V(x,y,t), 

specifying the direction and velocity of motion. Since 

I(x,y,t) is registered at the retina and V(x,y,t) is not 

directly available, the fundamental problem in measuring 

continuous motion, or apparent motion over a restricted 

range is to compute V(x,y,t) from I(x,y,y) (Ullman, 1981). 

In keeping with the described function and 

properties of the short-range system, computational models 

of this system are designed to extract relatively coarse 

measurements directly from the intensity value array. 

Thus, models of the short-range process are intensity-based 

schemes that tend to be fast and very sensitive to change. 

There are two general classes of intensity based schemes: 

correlation models and gradient models. 
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Correlation Models 

Correlation, or differencing models (Reichardt, 

1969~ Poggio & Reichardt, 1973; van Santen & Sperling, 

1984, 1985; Sperling, van Santen, & Burt, 1985) are based 

on the activation of two adjacent detector subunits. The 

time-averaged output activation of each subunit is compared 

using a simple differencing technique. For example, in the 

Burt-sperling model, the right subunit receives input from 

two nearby points on the retina. The input from the left 

point is time delayed and then compared to the undelayed 

input from the right point. In the next processing step 

the comparator multiplies the left and right input signals 

and submits them to time-averaging. The computed output is 

the covariance between the neighboring-point inputs. For 

left to right motion of a stimulus, the two signals match. 

Finally, the output of the right subunit is compared to the 

output of a mirror-image left subunit by simple 

subtraction. Together, the left and right subunits compose 

a single motion detector. 

support for correlation schemes has been found in 

the study of insect behavior (Reichardt, 1969) and in 

human psychophysical studies (van stanten & Sperling, 1984, 

1985; Baker & Braddick, 1985). Nevertheless, because these 

devices rely on two detectors, they are prone to the 

problem of spatial aliasing. That is, since the spatial 

separation of the two detectors is some finite distance, 



the system may err if each device is separately activated 

by different stimuli, or if a single stimulus is smaller 

than the spatial resolution of system, stops, or changes 

direction between the two devices (Ullman, 1981). 

Gradient Models 
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In contrast to the correlation schemes, gradient 

models (Horn & Schunck, 1981; Marr & Ullman, 1981; 

Hildreth, 1984) employ a pair of detectors separately 

computing the spatial and temporal derivatives of intensity 

change in the image. When combined by a logical 

connective, the pair of detectors signal direction of 

motion. For example, in the model developed by Marr and 

Ullman (1981), and extended by Hildreth (1984), the spatial 

edge detector computes the second derivative of image 

intensity to produce the zero-crossing, a location of 

significant intensity change closely related to an edge in 

the image (Marr & Hildreth, 1980). A second detector 

computes the temporal derivative of intensity change at the 

location of the zero-crossing, thereby signaling an 

intensity increase or decrease as the zero-crossing moves 

to the left or right. Although gradient schemes also have 

support from psychophysical research (Moulden & Begg, 

1986), they too are prone to error because computation of 

spatial and temporal derivatives is highly susceptible to 

noise, even after initial filtering of the image (Hildreth 

& Koch, 1987). 

_._ .. __ ... __ ._-----------------------------------
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Whether initial motion measurements are computed by 

a correlation or gradient scheme, both types of models only 

provide a partial description of the short-range motion 

measurement system. Because these models are restricted to 

measuring only one-dimensional motion over a local region 

of the image, only the motion velocity component 

perpendicular to the edge can be determined. The motion 

velocity component along the contour is under-determined. 

Therefore, two-dimensional surface motion cannot be 

uniquely defined. For example, suppose that a circle was 

translated horizontally behind a small aperture. The small 

portion of contour visible through the aperture would not 

provide sufficient information to distinguish pure rigid 

translation from rotation or nonrigid deformation. This 

under-determination of object motion, known as the 

'aperture problem' (Burt & sperling, 1981; Hildreth, 1984; 

Adelson & Movshon, 1986; Movshon, Adelson, Gizzi, & 

Newsome, 1985) is inherent in both correlation and gradient 

schemes, and can only be solved by combining local 

measures. 

A complete model of motion measurement by the 

short-range system therefore requires a second stage of 

processing in which the initial local measures are combined 

to describe the motion of a surface. Current models solve 

the second stage of processing by invoking additional 

assumptions which constrain the synthesis of local measures 
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to yield a unique solution. Various models have used the 

constraints of pure translation (Pantle & Picciano, 1976; 

Anstis, 1980; Marr & Ullman, 1981), surface rigidity 

(Davis, Wu, & sun, 1983), surface smoothness (Hildreth, 

1984), and variational principles (Poggio & Koch, 1985). 

In essence each of these constraints is designed to group 

similar local velocities into a constant surface velocity, 

and locate discontinuities between regions of dissimilar 

velocity. 

The Interaction of Motion Measurement Systems 
and other Visual Information processing Systems 

As evident in the models of the short-range motion 

analysis system described in the previous section, 

proponents of these indirect perception theories assume 

that the system operates over 'extensive' motion 

measurements (Lappin, 1986). That is, the spatial 

structure of the time-varying image is referenced to an 

extrinsic two-dimensional cartesian coordinate system, 

corresponding to the layout of the photoreceptors on the 

retina. It is assumed that because projected image 

distances are dependent upon the three-dimensional 

structure of objects in the visual field, motion analyses 

are capable of recovering three-dimensional object motion 

independent of additional information possessed by the 

system. Moreover, in order to retain the computational 

simplicity of the system and to protect it from deleterious 

_._ .. _------- ------------------------------------



changes in other systems, motion analysis systems are 

assumed to be impenetrable by any additional information 

(Marr, 1982; Hildreth, 1984). 
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Although these models of motion analysis rule out 

the possibility that relevant information from other 

sources may influence the measurement of motion, empirical 

evidence accumulated over several decades does not 

unequivocally support this assumption. In this section a 

variety of empirical evidence is described. In many 

instances the results suggest that motion measurement is 

based solely on two-dimensional projected distances. 

Nevertheless, under certain circumstances, three

dimensional information recovered by other processes 

appears to interact with motion analysis, thereby affecting 

motion perception. 

Seventy-five years ago, Korte systematically 

measured the spatial, temporal, and intensity requirements 

for the perception of apparent motion, and summarized his 

results in what have been termed Korte's Laws of apparent 

motion (Boring, 1942). Korte's Third Law states that if 

intensity is constant, the optimal distance for apparent 

motion varies directly with time. This Third law has 

stimulated considerable research interest. Is the distance 

metric employed by the visual system a two-dimensional 

projected distance, or a three-dimensional distance 

'inferred' from static cues to depth and distance? 
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Corbin (1942) dissociated the projected and 

interpreted distances by presenting apparent motion stimuli 

on a slanted surface. He found that for the same temporal 

intervals, inferred distance dictated smoothness-of-motion 

judgments, and thereby concluded that Korte's laws depended 

upon a three-dimensional distance metric. Attneave and 

Block (1973) argued that Corbin's displays confounded 

retinal size variations with retinal separation, which 

could influence the perceived motion. In contrast, their 

display consisted of point light sources viewed from a 

distance of several feet. Three lights were positioned so 

that retinal separation was equal, but one of the lights 

appeared to be twice the distance in depth. using the 

ascending method of limits, observer threshold for "good" 

or "believable" movement was measured. Their results 

supported Corbin's conclusions: "Apparent movement depends 

on perceived separation, even with retinal separation, 

retinal size, and retinal frame of reference held constant" 

(Attne'ave & Block, 1973, p. 302). 

Ullman (1978) argued that "goodness of motion" was 

not a valid measure of the metric of motion perception. 

Measurements of the spatial and temporal conditions for 

smooth motion between two elements should not be taken to 

imply that motion is abolished otherwise. Ullman used a 

competing motion paradigm among equidistant line segments 

in a three-dimensional context, the depiction of a 
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rectangular block. He reasoned that if two-dimensional 

distance determined the perceived motion, the central 

segment should appear to split between the left and right 

elements equally often. If the distance metric was three

dimensional, however, the central segment should appear to 

travel the shorter apparent distance more often. Observer 

ratings of motion direction indicated a strong preference 

for two-dimensional measures. Therefore, contrary to 

earlier results, Ullman concluded that two-dimensional 

distance, not three-dimensional distance affected apparent 

motion measurement. 

Mutch, Smith and Yonas (1983) have argued that 

Ullman's displays contained conflicting information. The 

line segments that underwent apparent motion also were part 

of the structure of a three-dimensional object. If the 

visual system did use a three-dimensional metric, the 

object would appear to deform or break apart in apparent 

motion. But if the system were constrained to maintain a 

rigid interpretation of object structure, it may dissociate 

the moving segments from the context, thereby rendering the 

depicted distance cues irrelevant. On the other hand, 

because the figure was an isometric drawing, it not only 

lacked many potential three-dimensional cues (e.g., 

perspective, stereopsis, shading), but also contained many 

'flatness' cues. These too could constrain the system to a 

two-dimensional metric. Coupling Ullman's methodology with 
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a point light source display, similar to that designed by 

Attneave and Block (1973), Mutch, smith and Yonas 

replicated Ullman's findings and supported his contention 

that perceived motion direction was a function of two

dimensional distance. Recently, similar results have been 

reported by Tarr and Pinker (1985) and Klopfer and Cooper 

(1985) using a variety of measurement techniques, including 

motion quality judgments. 

There are several possible explanations for the 

apparent conflict between the earlier results indicating 

that the visual system employs a three-dimensional metric 

(Corbin, 1942; Attneave & Block, 1973) and those of later 

studies that indicate that the metric is two dimensional 

(Ullman, 1978; Mutch, et al., 1983; Tarr & Pinker, 1985; 

Klopfer & Cooper, 1985). The first possibility may be the 

nature of the response measure. Ratings of motion quality 

may fail to capture the fact that motion measurement was 

initially based on two-dimensional distance, as Ullman has 

suggested. Nevertheless, the study by Klopfer and Cooper 

indicates that this is not the case. A second plausible 

explanation for the apparent conflict is that the spatial 

and temporal variations in the experiments were processed 

by different motion analysis systems. All of these studies 

employed the standard two-element experimental paradigm 

that is traditional in apparent motion research. As such, 

they were designed primarily to investigate the distance 
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metric employed by the long-range motion analysis system to 

solve the correspondence problem. In the studies by Mutch 

et al and Klopfer and Cooper, stimulus conditions were such 

that both the long-range and the short-range motion 

analysis systems could have been implicated in processing 

the information, either separately, or by some form of 

interaction. since it is possible that the two systems 

measure different forms of image information, they also 

could interact differentially with the available three

dimensional information. It should be noted, however, that 

there has yet to be a systematic investigation of the 

distance metric of the short-range system that uses the 

continuously moving stimulus that this system purportedly 

is designed to process. 

The third possible explanation for the conflicting 

results involves the nature of the information available in 

static cues to depth and distance. In the studies by 

Ullman (1978) and Klopfer and Cooper (1985) three

dimensional depth was cued through depictions of an object 

and a grid pattern respectively. The studies by Corbin 

(1942), Attneave and Block (1973), Mutch, et al (1983), and 

Tarr and Pinker (1985), on the other hand, employed real 

three-dimensional stimuli. These displays provided the 

visual system with additional sources of information such 

as texture, occlusion, retinal disparity, surface 

orientation, and shading. within the information-
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processing framework, these cues would be processed by 

mechan'isms operating in parallel with motion analysis. 

Recent evidence indicates that motion analysis may interact 

with these parallel processes. Among human observers, the 

perception of structure-from-motion has been found to be 

influenced by proximity-luminance covariance (Schwartz & 

Sperling, 1983; Dosher, sperling, & Wurst, 1986), 

stereopsis (Dosher, et al., 1986), and occlusion 

(Braunstein, Andersen, Rouse, & Tittle, 1986). Richards 

(Richards, 1983, 1985; Richards & Lieberman, 1985) has 

suggested a model of structure-from-stereo-and-motion that 

is based on the interaction of the two processing systems. 

Nevertheless, it is assumed that this interaction occurs at 

the second stage of motion analysis, the level of the 

special purpose operator for computing structure-from

motion. This interpretation is consistent with the 

contention that the initial motion measurements are based 

on a two-dimensional metric and are independent of 

additional information possessed by a parallel process in 

the system. Interaction with these other processes at the 

level of motion measurement has only recently attracted 

systematic investigation. 

Using random-dot stereograms, Green and Odum (1986) 

examined the influence of binocular disparity information 

on correspondence matching by the long-range motion 

measurement system. Their results indicated that 
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stereoscopic depth information constrained correspondence 

matching to the nearest neighbor on the same depth plane. 

Decreasing disparity reduced the influence of stereoscopic 

depth information. At zero disparity, perceived direction 

of motion was ambiguous, alternating between nearest 

neighbors on the two-dimensional surface. Adelson (1984) 

examined the influence of stereopsis on the short-range 

motion measurement system. His stimuli consisted of a pair 

of superimposed sinewave gratings at different 

orientations, and each moving perpendicular to its 

orientation. Viewed monocularly, the components formed a 

single pattern moving in the direction of the combined 

perpendicular motion components. When presented on 

different depth planes and viewed binocularly, however, the 

two gratings were not fused to produce a single rigid 

motion. Each perpendicular motion component was seen 

independent of the other. These results suggest that in 

solving the aperture problem, the short-range system may be 

influenced by depth information provided by a parallel 

processing system. 

Although the studies by Green and Odum (1986) and 

by Adelson (1984) indicate that motion measurement is 

influenced by stereoscopic depth information, they do not 

resolve the question of whether the distance metric in 

motion analysis is two-dimensional or three-dimensional. 

They have demonstrated that motion measurement can be 
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constrained to 'respect' three-dimensional distances 

recovered from disparity information. It could be the case 

that motion measurement is so constrained, but remains two

dimensional within a given depth plane and between planes 

at varying distances from the observer. This 

interpretation would be consistent with the research 

resul'ts provided by Ullman (1978), Mutch et ale (1983), 

Tarr and Pinker (1985), and Klopfer and Cooper (1985) 

because these studies were designed to investigate apparent 

motion between discrete depth planes in the stimulus space. 

Perceived continuous motion in depth has received little 

attention. 

Regan and Beverley (1979) and Regan, Beverley, and 

Cynander (1979) have reported that the visual system is 

sensitive to continuous motion in depth when the only 

available cue is the relative velocity of the left and 

right images in stereoscopic motion. These results suggest 

that the short-range motion measurement system may not 

recover motion in depth until the signals from both eyes 

are combined centrally. In their model of the perception 

of motion in depth, Regan and his colleagues (cf. Beverley 

& Regan, 1975) have proposed that the initial monocular 

measurements are based on a two-dimensional metric. Even 

after the separate signals are combined, the channels 

responsible for recovering motion in depth are considered 

to be independent of static disparity information (Richards 

, - ,., 'j 
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& Regan, 1973; Cynander & Regan, 1982). Nevertheless, to 

date there is no available evidence to support the 

assumption that a static cue, such as binocular disparity, 

would not affect the monocular processing of motion 

information to produce the perception of motion in depth. 

Conclusion 

In this introduction, motion perception has been 

described as an information processing problem, solved in 

stages by the visual system. contemporary computational 

models of the stages involved in processing continuous 

motion stimuli also have been described. Inherent in these 

models is the assumption that the initial motion 

measurements are 'extrinsic'; referenced to a two-

dimensional coordinate system corresponding to the layout 

of the photoreceptors on the retina. This assumption is 

supported by available behavioral evidence, although the 

evidence is not unequivocal. Resolution of the issues 

regarding the distance metric used in processing motion 

information requires further examination of the effects on 

motion perception when additional sources of information 

are made available to the system. 

The experiments described in the next chapters are 

designed to initiate a systematic investigation of whether 

static binocular disparity information can influence the 

monocular processing of stimulus motion. Three 

characteristics are common to all the experiments. First, 
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the stimuli were designed to provide the visual system with 

nearly continuous motion. Therefore, the studies were 

intended to examine the effects of three-dimensional 

distance information on the motion measurements provided by 

the short-range system. Second, the static depth 

information provided by stereopsis was not confined to 

discrete depth planes. with one exception, the targeted 

motion measurement was motion in depth, not at a given 

depth plane. Finally, the studies were designed to 

investigate the initial stages of motion processing, where 

information about motion direction is recovered. 
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CHAPTER 2 

GENERAL METHOD AND PILOT STUDIES 

Chapter 1 described recent attempts to model visual 

motion perception based on the premise that initial motion 

measurements employ a two-dimensional metric, corresponding 

to retinal displacement across a time-varying series of 

images. It was noted further that the plausibility of such 

a metric typically is evidenced by observer reports of the 

perceived direction of stimulus motion. In the case of 

apparent motion, the spatial and temporal intervals between 

stimuli can be made sufficiently large so that perceived 

direction may be measured directly, using the traditional 

two-element paradigm. When motion is continuous, however, 

the event sequence consists of multiple images with 

infinitely small, or very small, spatial displacements of 

the individual, local element. To investigate perceived 

motion direction then requires the use of an edge, or the 

displacement of a single element for a protracted period of 

time. Thus, judgments of motion direction for the 

individual element could be susceptible to demand 

characteristics within the experimental situation. 

An alternative method for measuring perceived 

motion direction requires the observer to judge the 

velocity of the moving element. In physics, velocity is 

described as a ratio of the spatial and temporal extents 

travelled by the moving body. Perceived velocity also 
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appears to obey this ratio rule, although observer 

judgments tend to 'compress' subjective velocity relative 

to the true velocity (Algom & Cohen-Raz, 1987). Adherence 

to a ratio rule can be exploited to infer the perceived 

direction of motion and, by implication, the distance 

metric underlying the observer's judgment. 

Suppose an observer views an element translating at 

a constant velocity on a line P, perpendicular to the line 

of sight and at viewing distance X. In a given temporal 

interval, the element will appear to travel a specific 

distance D. At constant velocity, the same element 

translating at some viewing distance other than X, would 

travel distance D'. This situation is depicted in 

Figure 1. In the Figure distance D has been projected onto 

S, a line that slopes away from the observer. Note that in 

this case, when time and velocity are constant, D'>D. 

Geometrically, this case describes the situation when the 

observer views an element moving away from the observation 

point in three-dimensional space. Now suppose that the 

observer is required to judge the velocity of the element 

moving on line P, but in a context depicting S. If the 

observer perceives the direction of motion as motion in 

depth, the apparent discrepancy between D andD' (i.e., 

D'>D) should influence the observed velocity. That is, 

when true element motion is on a line perpendicular to the 

line of sight (hence, distance=D), if its judged velocity 

-------------------------------------------
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is influenced by its apparent motion in depth, the element 

should appear to have a greater velocity in order to 

traverse the greater apparent distance (0') in the same 

amount of time. If observers' velocity judgments were to 

reflect this apparent velocity increase, it would suggest 

that the perceived direction of motion was, in fact, 

motion in depth. 

This general hypothesis motivated the research 

described in this and the following chapters. In each of 

these experiments, observers were provided three

dimensional distance information in a static random-dot 

stereogram. 

p s 

ObS~~~~ion_--------------- f------~ 
*==:- 0' --- 1/ --- ---. ------

~---- X -----t.~ 

Figure 1. The Geometric Relationship of Motion Direction 
and spatial Displacement for an Element 
Translating at constant Velocity. 

--------------------------------------- ... -- .... 



I. '·' " 

within this context, they viewed the motion of an element 

translating horizontally on a plane perpendicular to the 

line of sight. The observer then was asked to judge the 

velocity of the moving element relative to a standard 

velocity. On some trials the angular velocities of the 

standard and test elements were equal, and an accurate 
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response would be 'same'. On other trials, the test 

element's angular velocity was either slower or faster than 

that of the standard. Then an accurate response would be 

'different'. It was hypothesized that if perceived three

dimensional distance provided by the static cue of 

binocular disparity could influence perceived direction of 

motion, a particular pattern of results would emerge. If 

the angular velocities of the test and standard elements 

were equal, but the perceived velocity of the test element 

was faster, there should be a decrease in the number of 

'same' responses relative to a condition with no variation 

in depth. On the other hand, if the test element were 

actually travelling slower than the standard, but again was 

perceived as moving faster, there should be an increase in 

the number of 'same' responses. Finally, in the case where 

the test element is moving faster and yet is perceived as 

moving even faster, subjects should correctly respond 

'different' • 

. .. - .. 'j 



General Method 

subjects 

Seven graduate students at the University of 

Arizona voluntarily participated in these experiments. 
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Four subjects (2 male, 2 female) participated in all of the 

experiments. Of the three remaining subjects, two males 

participated in only the pilot studies, and one female 

participated in only the first experiment, reported in 

Chapter 3. With the exception of one male in the first 

pilot study, all subjects were Psychology majors. Their 

ages ranged from 26 to 36 years. All were right handed and 

had normal, or corrected-to-normal vision. Although the 

subjects were generally familiar with the nature of the 

theoretical issues under investigation, they consistently 

reported that this knowledge could not be applied to the 

experimental task. 

stimuli 

stereoscopic displays. A three-dimensional context 

was created through the use of random-dot stereograms. As 

is typical of random-dot stereogram design, the information 

used to specify three-dimensional distance was provided 

solely by the disparities between the patterns of elements 

presented to the two eyes (Julesz, 1971). Each stereogram 

portrayed a pair of planar surfaces, but the apparent 

orientation and distance of the two planes relative to the 

observer were varied. Three general classes of orientation 
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and distance relations were investigated (Appendix A 

describes the method used for producing the stereograms). 
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In the first class, one plane was oriented 

perpendicular to the line of sight at either crossed or 

uncrossed disparity. At crossed disparity, this fronto

parallel plane would appear to be closer to the observer 

than the surface of the display monitor. At uncrossed 

disparity, the plane would appear to recede behind the 

monitor surface. The second plane was oriented at an angle 

relative to the observer's line of sight. This surface was 

designed to slope between endpoints at advancing, crossed 

disparity and receding, uncrossed disparity. Each surface, 

fronto-parallel plane and sloped plane, measured 6.70 X 

2.70 visual angle. The two surfaces were abutted along the 

horizontal edge. Thus, the entire stereogram measured 6.70 

X 5.40 visual angle at a viewing distance of 46 cm. This 

class of stereogram represents the situation diagramed in 

Figure 1, and served as the primary test condition to 

investigate perceived motion in depth. 

The second class of stereogram consisted of two 

fronto-parallel planes, one at crossed disparity and the 

other at uncrossed disparity. This condition was designed 

to extend the research of Green and Odum (1986) and Adelson 

(1984) described in Chapter 1. Recall that these 

investigators have demonstrated that both the long-range 

and short-range motion analysis systems appear to 'respect' 

--_._---------------------------------------
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stereoscopic distance relations among elements at different 

disparities. In contrast to these studies, however, the 

present stereogram provided a distance context while the 

motion stimuli remained on the same depth plane (see below 

for a description of the motion display). Again, these two 

planes were abutted and the complete stereogram measured 

6.70 X 5.40 visual angle. 

The final class of stereogram served as the control 

condition. Although these stereograms also consisted of 

two planes, the abutted planes were at the same disparity. 

Thus, they appeared to be a single contiguous surface at a 

given viewing distance from the observer. This control 

condition served as a baseline measure of subject 

performance in the random-dot context. 

To aid the observer in maintaining the portrayed 

distance relationships, each stereogram contained two 

anchor points at zero disparity. First, a 6.5 cm X 5.4 cm 

frame surrounded each half-image. Second, centered within 

each stereogram, a short (0.4 cm) vertical line segment 

served as a fixation point (30' visual arc). The entire 

display subtended 8.00 X 6.7 0 visual arc from this 

fixation point at a viewing distance of 46 cm. 

Motion display. within the confines of each 

stereoscopic display, a luminous element (5' visual arc) 

was translated at a constant angular velocity horizontally 

across the surface of the display monitor. Although the 
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motion was never truly continuous, the velocity range used 

in these experiments produced spatial and temporal 

intervals well below the resolution limits of the human 

observer (60" arc and 10 ms; McGee, 1981). The element's 

luminosity (0.538 cd/m2) was the same as that of the right 

half-image of the stereoscopic display. During each 

experimental trial, the moving element appeared in two 

locations, corresponding to the central regions of each of 

the two planes on the stereogram. The element's appearance 

at the first location served as a standard for the velocity 

judgment. Its appearance at the second location served as 

the test stimulus. The test element's velocity was the 

same, faster, or slower than that of the standard. Because 

stimulus duration and distance are not independent in 

velocity judgment tasks, it is possible that the observer 

may use a strategy of checking only start and end positions 

of the element (McGee, 1981). To discourage this strategy, 

the start point of the element in the two locations was 

randomly selected within a limited range of possible 

positions. 

In all cases, the moving element was presented 

monocularly, to the observer's right eye. Thus, there was 

no motion disparity between the two eyes to influence the 

perception of motion in depth. It was assumed that if 

observers' judgments did show the influence of perceived 
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depth, the information must be provided by the static 

stereoscopic displays alone. 

Apparatus 
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The stimuli were projected on a Hewlett Packard 

Model l3llB vector graphics display monitor with a P3l 

aluminized phosphor (decay rate of 250 urn to 1%). The 

spatial resolution of this monitor provided a spot size of 

0.43 mm for each stereogram element at the center of the 

screen. The refresh rate for the entire stereoscopic 

display (both half-images) was approximately 5.5 ms, so 

there was no appreciable flicker. The separate half-images 

in the stimulu~ display had luminous intensity values of 

0.654 cd/m2 and 0.538 cd/m2 for the left and right half

images respectively. The patterns were then transmitted 

through orthogonally positioned polarizing filters, and 

overlaid on a half-silvered mirror which reflected the left 

half-image and transmitted the right half-image. Display 

illuminance at the observer's eye was 0.002 lx for the left 

half-image and 0.0016 lx for the right half-image. For a 

more complete description of this display apparatus, see 

Appendix B. 

Procedure 

The subject sat in a dimly lit room (approximately 

30 lx) and viewed the display through a pair of 

orthogonally polarized filters at 46 cm from the surface of 

the graphics monitor. Although head movements were not 
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restricted, subjects were instructed to rest their forehead 

against a stationary mount and to fixate the center line on 

the display. stimuli presentation was divided into a set 

of trial blocks, each block devoted to a single stereogram. 

At the beginning of a trial block a randomly selected 

stereoscopic display was projected onto the screen. As 

this process took several seconds, a tone sounded when the 

display was ready for viewing. The observer controlled the 

rate of presentation by initiating each trial with a 

keypress. After the standard and test moti.on stimuli had 

completed their excursion, the subject responded with a 

keypress on a two-button mouse. If the velocity of the 

test element appeared to be the same as the standard, the 

response was 'same' , otherwise 'different' • Subject 

response and response latency were recorded on each trial. 

Pilot Study 1 

The experimental procedure described above, 

monocular motion in the context of a static stereoscopic 

display, has not been attempted previously. Therefore, 

there were no available standards to consult for 

establishing experimental parameters. The purpose of this 

pilot study was to explore a variety of stimulus 

conditions. In this study two variables were of particular 

interest, stereoscopic display and angular velocity. 

, ~ '" 'j 
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Method 

Subjects. six subjects participated, 4 males and 2 

females. Each subject was tested individually. Because 

the viewing apparatus and stimuli were quite complex, the 

experimenter remained in the testing room with the subject 

throughout the experimental session. 

stimuli. Four stereograms were selected, and are 

shown in Figure 2. STEREO-1 (Figure 2a) consisted of a 

fronto-parallel plane at 12'50" crossed disparity, and a 

sloped plane with 12'50" crossed disparity at the left edge 

and 12'50" uncrossed disparity at the right edge. The 

sloped surface was positioned below the fronto-parallel 

plane, and appeared to slant away from the observer. The 

geometric depth portrayed for the fronto-parallel plane at 

a 46 cm viewing distance was 1.2 cm in front of the display 

surface. The overall geometric depth portrayed for the 

sloped surface was 2.4 cm. In STEREO-2 (Figure 2b) the 

fronto-parallel plane was positioned at 12'50" uncrossed 

disparity. The sloped plane from STEREO-l was positioned 

below it, and appeared to slant toward the observer from 

behind the surface of the display monitor. STEREO-3 

(Figure 2c) portrayed two fronto-parallel planes, the lower 

at 12'50" uncrossed disparity and the upper at 12'50" 

crossed disparity. Thus, the upper plane corresponded to 

the fronto-parallel plane used in STEREO-1. Finally, the 

CONTROL (Figure 2d) consisted of a large fronto-parallel 
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(a) STEREO-l 

(b) STEREO-2 

Figure 2. Stereograms Used in pilot study 1. 

(The apparent depth in these figures is greater 
than that obtained in the experiment.) 
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(c) STEBEO-3 . 

(d) CONTROL 

Figure 2 (cont.). stereograms Used in pilot study 1. 

-_ .. _._---------------------------------------
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plane at 12'50" crossed disparity, with smaller portions of 

a 12'50" uncrossed disparity plane appearing at its upper 

and lower edges. 

The motion display consisted of a pair of elements 

translating horizontally for a duration of 1.0 s. The 

elements were separated by a vertical distance of 2.15 cm 

(2.7 0 visual arc) and appeared simultaneously in the center 

of each of their respective stereogram planes. The 

starting position of each element was selected randomly and 

independently within a range of 1 cm. In all cases the 

upper element of the pair was the standard. For the 

stereograms depicting planes that sloped relative to the 

observer's line of sight (STEREO-l and STEREO-2), the 

standard always appeared on the fronto-parallel plane. 

Three angular velocities were selected, 10 arc/s 

(34 pixels/s), 20 arc/s (75 pixels/s), and 30 arc/s 

(112 pixels/s). The test velocities consisted of equal 

numbers of 'same' and 'different' stimuli. The 'different' 

velocities were determined by computing the ratio of 

distance travelled on the fronto-parallel plane to the same 

distance travelled on the sloped plane at the portrayed 

geometric depth. For a depth of 2.4 cm, this ratio was 

0.91 (-10%) for the slower test velocity and 1.1 (+10%) for 

the faster velocity. McGee (19Bl) has shown that the Weber 

fraction for difference threshold in velocity judgments 

-----_. __ ._------------------------------------ , ~., 'I 



is 5%. The 10% difference used in these displays thus 

appeared to be well above threshold. 
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Procedure. At the beginning of the experimental 

session, the subject was dark adapted for five minutes. 

During this time, the subject was acquainted with the 

viewing apparatus and the procedures for initiating a trial 

and recording responses. To familiarize the subject with 

the stereograms, each one was reproduced on paper and 

viewed through a standard Brewster stereoscope. The 

subject was asked to describe the perceived depth relations 

in each of the four stereograms. The motion velocity 

judgment task then was described and the subject was 

informed of the equal probability of same and different 

test velocities. 

A test block consisted of 24 randomly-ordered 

trials, four 'same' and four 'different' trials at each 

velocity. Of the four different trials, two were faster 

and two were slower. The first trial block for each 

subject consisted of 24 practice trials with only the 

motion display. On each trial the subject was given 

feedback ("correct"/"incorrect"). These practice trials 

were intended to provide the subject with the opportunity 

to become comfortable with the apparatus and establish a 

judgment criterion. The next four trial blocks consisted 

of 24 trials with each of the four stereograms. The order 

of stereogram presentation was randomly selected. Before 

-----._--_._------------------------------- , ,. ,... 'I 
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initiating the trials, the subject was asked to describe 

the portrayed depth relations in the stereogram and relate 

it to one of the paper versions. This precaution was used 

because most of the subjects were relatively unfamiliar 

with viewing random-dot stereograms. There was a two 

minute rest period between each trial block. A testing 

session consisted of 120 trials (24 practice, 24 with each 

of the four stereograms) and took about 20 minutes to 

complete. 

Results and Discussion 

Response (same/different) data were subject to an 

analysis of variance for repeated measures design. The 

independent variables were stereogram, velocity and 

velocity difference. There was a single main effect of 

velocity difference, F(2,10)=11.49, p<.Ol. Figure 3 shows 

the mean number of 'same' responses for each velocity 

difference. These means were 0.35, 0.66, and 0.60 for the 

-10%, 0%, and +10% velocity differences respectively. It 

should be noted in this figure that when the velocity 

difference is 0%, the mean represents accuracy in correctly 

detecting a true 'same' velocity. In contrast, when the 

velocity difference is greater or less than zero, the mean 

represents error. 

Two characteristics of these data merit discussion. 

First, overall accuracy was quite low. In both the 0% and 

-10% velocity difference conditions, accuracy was 65%, and 

, ,-" 'j 
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in the +10% condition, accuracy dropped to 40%. If 

difference threshold were set at the velocity increment 

between 50 and 75% response accuracy levels, these data 

would suggest that subjects generally were responding at 

chance levels. Second, there was a strong asymmetry 

between the number of 'same' responses in the -10% and +10% 

velocity difference conditions. This asymmetry was 

1DO~------------------------------~ 
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Figure 3. Mean Number of 'SAME' Responses at Each Velocity 
Difference Condition for Pilot Study 1. 

At 0%, the mean represents accuracy of response. 
At -10% and +10%, the mean represents error. 
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observed at all three test velocities, becoming 

progressively more pronounced at the 20 and 30 arc/s 

velocities respectively. Inspection of the individual 

subject's data showed that all subjects showed this 

asymmetry. Four of the six subjects had a discrepancy 

greater than 17% between the slower and faster velocity 

difference conditions. This constant error in the faster 

velocity difference condition is quite inexplicable within 

the present framework, but was the object of further study 

in later p.ilot work. 

Figure 4 shows the mean number of 'same' responses 

in each velocity difference condition for each of the four 

stereograms and the practice trials. For comparison, the 

practice trials and CONTROL stereogram have been plotted on 

the same graph. Although the interaction of stereogram and 

velocity difference was not statistically significant, the 

pattern of results deserves examination. Recall that this 

interaction is of primary concern for investigating whether 

the metric of motion analysis in continuous motion 

perception can be influenced by the depth information 

provided by the static cue of binocular disparity. If 

there is an influence, it should be reflected in an 

increase in the number of 'same' responses in the -10% 

condition and a concomitant decrease for the 0% condition 

in STEREO-l, STEREO-2, and STEREO-3 relative to the 

practice trials or the CONTROL. The pattern of results 
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shown in Figure 4 suggests that this may be the case for 

the two stereograms containing the sloped planes. It is 

not evident, however, in STEREO-3 which depicted two 

fronto-parallel planes at different apparent distances from 

the observer. 

Although the interaction of stereogram and velocity 

difference tended to yield a pattern of results indicating 

that perceived depth influences motion perception, these 
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Figure 4. Mean Number of 'SAME' Responses at Each Velocity 
Difference on Each of the Four Stereograms and 
the Practice Trials Used in pilot Study 1. 
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results remain only suggestive. All subjects reported that 

the task was very difficult and felt that they were 

guessing. The accuracy results support their impressions. 

There also was considerable variability between subjects 

across stereograms, velocities, and velocity differences. 

There are several possible reasons for the nearly 

chance performance found in the study. First, the 10% 

velocity difference selected may have been too small. 

Although McGee (1981) has established that the differential 

velocity threshold is about 5%, her subjects were tested 

under more ideal viewing conditions. orban, de Wolf, and 

Maes (1984) have shown that under low contrast conditions, 

differential velocity threshold can be as much as 20-30%. 

The random-dot contexts did severely reduce contrast in 

comparison to a blank background. This could explain the 

poor performance in the stereogram conditions, but not in 

the practice trials. Another possible reason for poor 

performance could be the selected range of velocities. 

Both McGee and Orban et a1 have found that performance was 

impaired at very slow velocities (less than 20 arc/s). In 

this study, subjects' responses indicate that they had 

considerably more difficulty discriminating velocity 

differences at the 10 /s than the other two selected 

velocities. Finally, performance could have been impaired 

because of the method used to present the motion stimuli. 

On each trial the standard and test elements at each 
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velocity were displayed for a duration of 1 s. with time 

constant, the distance travelled would vary among the 

different velocities. The actual distance travelled varied 

from 0.72 cm for the slowest velocity (-10% of 10 /s) to 

2.7 cm for the fastest velocity (+10% of 30 /s). This large 

variation may have proven too confusing for the subject. 

Each of these possible causes of poor performance in the 

first pilot study was examined further. 

pilot study 2 

The intent of the second pilot study was to examine 

the method for presenting the motion displays, specifically 

the duration of the motion stimUlUS. Whereas the duration 

of the motion display in the first study was held constant 

at 1.0 s, in this study distance travelled was held 

constant and duration was allowed to vary. 

Method 

Subjects. Five subjects from the first study 

participated in this experiment (3 males and 2 females). 

Stimuli. The four stereograms from the first pilot 

study were used. The same sample of motion velocities 1°, 

2°, 3° arc/s also were used, but the duration of the 

display was modified to render the overall spatial extent 

of each standard velocity equal (about 1.5 cm). This 

increased the duration of the 10/s stimulus to 1.8 s, while 

the durations of the 20 /s and 30 /s stimuli were reduced to 

0.9 sand 0.6 s respectively. The standard and test 
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elements again were presented simultaneously, so that the 

actual spatial extent of the slower and faster test 

elements remained proportionally less than or greater than 

that of the standard. 

Procedure. The procedure exactly replicated the 

procedure of the first study. Each subject viewed a set of 

24 practice trials with feedback, followed by 24 trials on 

each of the four stereograms presented in random order. 

The subject was informed of the change in the method for 

presenting the motion stimuli at the outset. Because the 

subjects were now familiar with the apparatus and 

stereograms, the experimenter no longer remained in the 

testing room during the experimental session. The testing 

session took about 20 minutes. 

Results and Discussion 

Analysis of the choice data again yielded a single 

main effect of velocity difference, F(2,4)=7.93, p<.02. 

The mean number of 'same' responses was 0.33, 0.53, and 

0.52 for the -10~, 0%, and +10% velocity difference 

conditions respectively. This effect is evident in 

Figure 5 which shows the mean number of 'same' responses at 

each velocity difference across the four stereograms and 

practice trials. with the exception of one of the 

stereograms depicting a sloped plane (STEREO-1), subjects 

again had an elevated error rate when the test element 

travelled at a faster velocity than the standard. This 
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pattern was consistent acros~ all subjects. For three 

subjects, the asymmetry was greater than 30% difference. 

The figure also indicates that STEREO-1 produced different 

results than the other conditions. These results generally 

parallel the results found in the first pilot study, and 

again suggest that the static depth information may 

influence performance. Nevertheless, overall subject 

performance in this experiment was still close to chance. 
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Figure 5. Mean Number of 'SAME' Responses at Each Velocity 
Difference on Each of the Four Stereograms and 
the Practice Trials Used in pilot Study 2. 
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Therefore, this apparent agreement with the pattern of 

results found in the first pilot study may be spurious. 
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Figure 5 also provides information about the 

overall effectiveness of the experimental procedure. As 

found in the first pilot study, subject accuracy in the 

velocity judgment task was extremely poor. The attempt to 

hold distance constant in this experiment proved quite 

ineffective for improving performance. Some other factor 

apparently was responsible for the difficulty of the task. 

A variety of possible causes exist, and these were 

investigated in a series of exploratory studies. 

Additional Exploratory studies 

The results of the pilot studies indicated that 

although it may be that the static depth cue of binocular 

disparity can influence velocity judgments, the selected 

stimulus parameters produced highly unreliable results. 

Overall, the choice data fluctuated around chance 

performance and showed a constant error in the conditions 

where the test stimulus moved at a faster velocity than the 

standard. A series of exploratory studies was conducted to 

examine possible stimulus parameters for eliminating these 

two problems. In this series the author (LM) and one 

subject from the pilot studies (MA) served as observers. 

Because of the limited number of observations in each 

study, no statistical analyses were conducted. only 

response patterns were examined. A variety of stimulus 
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combinations. 

stereoscopic Display 
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Relative position of the two planes. It is 

possible that the constant error in the faster velocity 

difference condition was caused by the relative position of 

the standard and test motion elements in the display. In 

both pilot studies, the standard always appeared above the 

test element. Subjects had reported that regardless of the 

instructions to judge the velocity of the test element 

relative to the standard, they adopted a strategy of 

judging upper element to lower. To examine this effect, 

the stereoscopic displays were changed so that the sloped 

planes were positioned above the fronto-parallel planes. 

Because the standard motion element always appeared on the 

fronto-parallel plane, this position reversal caused the 

standard to be presented below the test element. The 

results indicated that when 'the standard was the lower of 

the two elements, the constant error tended to be 

eliminated. Unfortunately, this effect was not consistent 

when additional variations in velocity and velocity 

difference were introduced. It was concluded that this 

variable required further systematic investigation using 

all subjects in a standard experiment. 

Disparity of the control stereogram. Poor 

performance in the CONTROL condition suggested that this 
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stimulus would not serve as an adequate control. The 

display contained disparity information in addition to the 

field of random dots. A new stereogram was developed in 

which the elements on both planes were shown at zero 

disparity. This modification improved overall accuracy 

under a set of variations in velocity and velocity 

difference. 

Velocity 

In the first pilot study, subject performance 

degenerated in the 10 arc/s velocity condition at all 

levels of velocity difference. A set of trials was run 

with this velocity replaced by a velocity of 40 arc/so The 

pattern of results did not change in this condition. It was 

then determined that multiple velocities within a single 

set of trials was too difficult a task. Thereafter, a 

single velocity was chosen. The subjects agreed that the 

velocity of 30 /s consistently produced good motion quality. 

Velocity Difference 

Although the 10% velocity difference was selected 

because it corresponded to geometric depth portrayed in the 

sloped plane conditions on the stereograms, this difference 

appeared to be below threshold for the velocity difference 

judgment task. Tests were conducted with 20%, 25%, and 30% 

velocity differences. Overall performance accuracy did not 

improve appreciably until the velocity difference was 30%. 

This is in agreement with the results of Orban, de Wolf, 



and Maes (1984) on differential velocity threshold under 

low contrast conditions. 

Eye Viewing the Motion Display 
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Since all subjects were right handed, it is 

possible that they were also right-eye dominant. Because 

the motion display was presented to the right eye only, 

this factor may have influenced performance. Informally, 

it was confirmed that the LM was right-eye dominant and MA 

was left-eye dominant. Each subject viewed the stimuli 

with the motion elements presented either to the left eye 

or to the right eye. This variation yielded no difference 

in performance for either subject. 

Display Apparatus 

The mirror display apparatus which presented the 

two overlaid half-images potentially could affect 

performance because the subject viewed the display at an 

angle. To test this, the stereoscopic displays were 

presented side-by-side and viewed through a Brewster 

stereoscope. This alteration in the viewing apparatus 

produced no differences in performance. 

Simultaneous versus Sequential Element Motion 

When asked to describe their strategy in making the 

velocity judgment, it was noted above that subjects 

reported judging the motion upper element relative to the 

lower element. They further reported using the lower 

element as a pivot point about which the upper element 
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rotated. This strategy would suggest that they did not 

attend to the stereogram context of the motion display. To 

discourage this strategy, the vertical distance between the 

elements was increased 1 cm. Although performance accuracy 

initially increased, very little practice again permitted 

the use of a pivot-point strategy. 

The elements were then presented sequentially. The 

standard would appear on the left side of the display and 

would translate rightward. Upon the disappearance of the 

standard, the test element would appear on the left and 

translate rightward. with practice, this method of 

presenting the motion display reduced the constant error in 

the faster velocity difference conditions for both 

observers. It was concluded that this method of 

presentation was far superior to the simultaneous method. 

Summary 

One method for investigating the perceived 

direction of continuous motion in a display containing 

static depth cues is to obtain differential velocity 

judgments. The results of two pilot studies suggest that 

in some contexts, the perceived direction of a motion 

stimulus presented monocularly may be influenced by the 

information available in binocular disparity. 

Nevertheless, because overall performance in both studies 

was at chance, the obtained pattern of results may be 

spurious. The stimUlUS parameters in the pilot studies 



failed to produce an experimental context for acceptable 

observer performance. Additional exploratory ~ork 

indicated that practice and certain modifications of the 

experimental design could produce more reliable results. 

77 
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EXPERIMENT 1 
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Although the procedures used in the pilot studies 

failed to measure reliably the distance metric of the 

short-range motion measurement system, the results did 

suggest that stereoscopic display contexts may 

differentially effect observers' responses. In this first 

experiment, this possibility was explored under a 

simplified set of conditions. A single stereogram, 

depicting a fronto-parallel plane and a sloped plane, was 

selected as the test condition. Differential velocity 

judgments made in this context were compared to judgments 

made in a zero-disparity random-dot control context. The 

motion display consisted of standard and test elements 

presented sequentially, and the velocity of the test 

element was judged as either the 'same' or 'different' than 

the standard. 

There were two experimental manipulations. The 

first variable was the temporal duration of the motion 

display. Manipulating duration allowed both temporal 

extent and spatial extent to be controlled separately. A 

differential velocity judgment depends on both spatial and 

temporal extent, and these variables contain different 

information for judging motion in depth. It may be the 

case that the perceived direction of motion in a three

dimensional context is dependent on whether time or 
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distance information is the more salient. The second 

variable was the relative position of the test and standard 

motion elements. pilot work had indicated that observer's 

responses may be differentially affected if the standard 

element appeared above or below the test element's position 

in the visual field. Although manipulation of relative 

position was not theoretically motivated directly, it was a 

possible source of individual differences among observers, 

and may reflect different strategies in performing the 

judgment task. In turn, different strategies may be 

influenced by the stereoscopic display to a greater or 

lesser extent. 

Method 

Subjects 

Five subjects (2 male, 3 female) participated in 

the experiment. Four of the subjects had participated in 

both of the pilot studies. The additional female added to 

this experiment served to replace subject MA. 

stimuli 

Two stereoscopic displays were selected. As in the 

pilot studies, STEREO-l consisted of a fronto-parallel 

plane at 12'50" crossed disparity, and a sloped plane with 

12'50" crossed disparity at the left edge and 12'50" 

uncrossed disparity at the right edge, thus appearing to 

slant away from the observer from left to right. The 

geometric depth portrayed for the fronto-parallel plane at 

-_._._--_.- ------------------------------------
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a 46 cm viewing distance was 1.2 cm in front of the display 

surface. The overall geometric depth portrayed for the 

sloped surface was 2.4 cm. The CONTROL stereogram 

contained a pair of fronto-parallel planes, each at zero 

disparity. Hence, the display appeared as a single field 

of random dots on the surface of the display monitor. The 

overall size of this random-dot field was the same as 

STEREO-l (6.7 0 X 5.40 visual angle). 

The motion stimulus consisted of a standard element 

translating horizontally at a constant angular velocity of 

30 /s. After completion of its excursion, the test element 

appeared and translated horizontally. Both the standard 

and test elements were presented monocularly, to the right 

eye. On 50% of the trials the test element moved at the 

same velocity as the standard (3 0 /s). Of the remaining 

trials, one half displayed the test element at a velocity 

30% slower than that of the standard (2.lo/s) and one half 

displayed the test element at a velocity 30% faster 

(3.9 0 /s). 

Two variations of motion presentation were 

developed to produce four experimental conditions. The 

first variation in motion presentation was the relative 

position of standard and test motion elements. In 

STEREO-l the sloped plane was positioned either below 

(Position 1) or above (Position 2) the fronto-parallel 

plane. Because the standard motion element always appeared 
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on the fronto-parallel plane, this variation in the 

location of the two planes also changed the relative 

position of standard and test motion elements. Position 1 

and position 2 conditions also were developed for the 

random-dot CONTROL field and the practice trials. Figure 6 

shows the stereograms used in this experiment. 

The second variation dealt with the spatial and 

temporal extents of the standard and test element. In one 

case (Time Constant), the duration of the standard and test 

element's motion was 1.0 s. In this case the standard and 

'same' test elements were displaced approximately 2.4 cm. 

The slower and faster test elements displaced approximately 

1.7 cm and 3.1 cm respectively. In the second case 

(Distance constant), the spatial displacement of the 

standard and test elements was held constant at 2.4 cm. In 

this case the duration of standard and 'same' test elements 

was 1 s, and the slower and faster test elements were 

displayed for 0.70 sand 1.3 s respectively. 

Each variation in the relative position of the 

standard and test elements was crossed with the variations 

of spatial and temporal extent to yield four conditions: 

(1) Position 1, Time constant, (2) Position 1, Distance 

Constant, (3) position 2, Time Constant, and 

(4) Position 2, Distance Constant. within each condition, 

the motion stimuli were presented in three display 

contexts. Two of the display contexts were STEREO-1 and 

-.------- -_. ------------------------------------
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STEREO-l 

(a) 

(b) POSITION 2 

Figure 6. stereograms Used In Experiment 1. 

-------------------------------------------
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CONTROL 

Figure 6 (cont.). stereograms Used In Experiment 1. 

the CONTROL. The third context was a display for the 

practice trials. This display was a blank background 

surrounded by the frame of the stereograms. The frame was 

inserted to provide a frame of reference, because subjects 

in the pilot studies had reported difficulty in localizing 

the motion elements on an otherwise blank surface. 

Procedure 

Each of the four experimental conditions was the 

object of a separate testing session. Testing sessions 

were randomly ordered for each subject and were separated 

by a minimum of four hours. 
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At the beginning of a testing session the subject 

was adapted to the level of ambient illumination for five 

minutes. During this time, the subject was informed of the 

nature of the stereoscopic and motion displays. The one 

replacement subject was also given an opportunity to view 

the paper versions of the stereograms. After adaptation, 

the subject was then trained to criterion performance on 

the practice display. Training consisted of separate 

blocks of 24 trials, 12 'same' and 12 'different' (6 each 

at the slower and faster velocities). criterion 

performance was set at 80% accuracy for a block of 24 

trials. If the subject failed to attain criterion after 3 

blocks, training was terminated to avoid fatigue, and the 

experimental session was initiated. This occurred only 

once, in the first session of the replacement subject. The 

experimenter remained in the room with the subject during 

traini'ng. 

Each experimental session consisted of 72 trials 

(36 'same', 18 slower and 18 faster) in each of the three 

display conditions. The first display condition was an 

additional block of practice trials against the blank 

background. The order of presentation of STEREO-l and 

CONTROL was randomly selected. A testing session thus 

consisted of 216 trials and lasted approximately 30 

minutes. 
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Results 

A performance criterion was established at 75% 

accuracy on the CONTROL stereogram across all conditions. 

Of the five subjects, four attained accuracy levels of 80% 

or more on this criterion. The one replacement subject 

achieved an accuracy of 69%. Subject accuracy over all 

three displays and across all conditions ranged from 85-87% 

for the same four subjects, while the replacement subject 

attained an overall accuracy of 75%. Because the 

replacement subject failed to meet criterion performance 

and showed considerable deviation from the others in 

overall performance, this subject's data was not used in 

subsequent statistical analyses. 

Choice (same/different) and latency data for the 

four remaining subjects were tested separately with an 

analysis of variance for repeated measures design. 

Analysis of the latency data produced no significant main 

effects or interactions. Among the choice data there was a 

single main effect of velocity difference, (F(2,6)=344.09, 

R<.OOIJ. Figure 7 shows this effect, and indicates that 

over all conditions subjects produced more 'same' responses 

to the true same conditions than to either the slower or 

faster conditions. This is indicative of the overall 

accuracy level of the four observer's in the 'same' and 

'different' velocity difference conditions. 
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Figure 7. Mean Number of 'SAME' Responses at Each Velocity 
Difference Condition for Experiment 1. 

At 0%, the mean represents accuracy of response. 
At -30% and +30%, the mean represents error. 

A single interaction of stereogram by velocity 

difference was obtained, (F(4,12)=5.72, R<.Ol). Figure 8 

shows the mean number of 'same' responses at each velocity 

difference for the blank background, STEREO-l, and the 

CONTROL respectively. When the velocity difference was 

-30%, the mean number of 'same' responses was 0.11, 0.11, 

and 0.22 for the practice trials, the CONTROL, and STEREO-l 

----------------------------------- - .. ~. ,--, 
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respectively. Thus, when the stereoscopic display 

contained a plane that appeared to slope in depth, there 

was an overall increase in the number of 'same' responses 

to a test element moving at a velocity slower than that of 

the st'andard. When the standard and test motion elements 

were equal in velocity (velocity difference = 0%), the 

means for the practice trials and the CONTROL were 0.93 and 

0.91 respectively, while the mean for STEREO-l was 0.85. 

Thus, there was an overall decrease in 'same' responses to 

a test element actually moving at the same angular velocity 

as the standard, but viewed against the sloped plane. 

Finally, when the velocity difference was +30%, the means 

were 0.14 for the practice trials, 0.19 for the CONTROL, 

and 0.17 for STEREO-l. In this condition, the number of 

'same' responses in the sloped plane context was greater 

than against a blank background, but less than the random

dot context. These results would suggest that the 

differences detected in the statistical test were between 

STEREO-l and the other two display conditions at the -30% 

and 0% velocity differences. 

Separate statistical contrasts within the 

interaction of stereogram and velocity difference tested 

this interpretation of the data. The results showed that 

there were no differences between the CONTROL and the 

practice conditlon at any of the three levels of velocity 

difference. At the -30% velocity difference, however, 

----_.-._---------------------------------
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Figure 8. Mean Number of 'SAME' Responses at Each Velocity 
Difference on Each of the Two Stereograms and 
the Practice Trials Used in Experiment 1. 

there was a significant difference between STEREO-1 and the 

other two display contexts taken together, (F(1,12)=2.15, 

p<.Ol), and between STEREO-1 and the CONTROL, 

(F(1,12)=1.67, p<.Ol). At the level of 0% velocity 

difference, STEREO-1 again was significantly different than 
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the other two displays taken together, (F(1,12)=1.63, 

p<.01), and differed from the CONTROL alone, (F(1,12)=.89, 

p<.OS). 

The data also indicated a considerable amount of 

inter-observer variability. The inclusive analysis of 

variance revealed a significant main effect of subject as 

well as significant interactions of subject with relative 

position of the test and standard motion elements, subject 

with stereoscopic display and subject with velocity 

difference. There were also significant higher order 

interactions. These are summarized in Table 1. It should 

be noted that the higher order interactions are suspect 

because of the small number of observations in each cell. 

Table 2 and Figure 9 together show the individual 

observer's 'same' responses on each stereoscopic display 

across the three levels of velocity difference. It is 

evident in these data that all subjects had a decrease in 

number of 'same' responses between STEREO-1 and the CONTROL 

at the 0% velocity difference. At the -30% velocity 

difference, only subject SO failed to show the increase in 

'same' responses on STEREO-1 relative to the CONTROL. 

Finally, two of the subjects (SD and IN) continued to 

evidence the constant error at the +30% velocity 

difference found in the pilot studies. Although overall 

accuracy had improved, these two subjects continued to have 

-------------------------------- -... - .. 
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Table 1. ANOVA Summary of Inter-Observer Variability in 
Experiment 1. 

S=Subject 
Pos=standard Above/Below 
Stereo=Stereogram 
Vel=Velocity Difference 
DT=Time versus Distance Constant 

SOURCE df SUM OF SQUARES 

S 3 2.537 
S*Pos 3 1.665 
S*Stereo 6 3.754 
S*Vel 6 4.057 
S*Pos*Vel 6 1.862 
S*DT*Vel 6 2.876 
S*Pos*DT*Vel 6 2.22 
S*Pos*Vel*Stereo 12 4.937 
S*DT*Vel*Stereo 12 2.867 

8.03** 
5.27* 
5.94** 
6.42** 
2.95* 
4.55** 
3.52* 
3.91** 
2.27* 

Table 2. Mean Number of 'SAME' Responses for Each 
Observer as a Function of Velocity Difference 
and stereogram. 

(Data are plotted in Figure 9). 

SUBJECT PRACTICE STEREO-l CONTROL 
-30% 0 +30% -30% 0 +30% -30% 0 +30% 

SD .14 .91 .22 .04 .72 .18 .04 .80 .15 

BG .14 .94 .11 .31 .88 .14 .11 .97 .15 

JN .08 .92 .08 .19 .92 .28 .10 .95 .26 

RP .11 .92 .14 .35 .88 .10 .21 .91 .21 
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greater errors when the test velocity was faster than the 

standard than when it was slower. 

92 

Figures 10 and 11 summarize the individual 

variability caused by the experimental manipulation of 

relative position of standard and test motion elements, and 

stimulus duration. Figure 10 shows the effect of relative 

position. In the figure the mean number of 'same' 

responses made by each subject is plotted for each of the 

three stereoscopic displays and the practice trials. It 

should be noted that since the mean of 'same' responses is 

plotted, this is not indicative of subject accuracy. 

Rather it indicates the subject's tendency to respond 

'same' in a situation where there is an equal probability 

of 'same' and 'different' trials. Figure 11 shows the 

corresponding data for the effect of motion duration. It 

is evident in both Figures 10 and 11 that although there is 

variability among the subjects in each of the test 

situations, it is not systematic. Only subject SD tended 

to show dramatic variation in her patterns of response 

under the various conditions. 

Discussion 

The results of this experiment indicate that it is 

possible to obtain reliable measures of the distance metric 

underlying the perceived direction of motion. Moreover, 

given a reliable measurement procedure, the results suggest 

that the perceived direction of motion of a monocular 
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motion stimulus is differentially affected by the binocular 

depth cue of retinal disparity. In the case where the 

binocular information indicates a plane sloping in depth, 

observers tended to misjudge the velocity of the test 

element when it was either slower than or equal to the 

velocity of a standard. This tendency was evidenced in the 

increase in the number of 'same' responses when the test 

element was slower and a decrease in 'same' responses when 

the two velocities were equal. This pattern of results 

would be predicted if the depth cue influenced the 

observer's perception of distance travelled and by 

implication, the perceived direction of motion. It would 

not be predicted, however, by a motion measurement scheme 

that relies solely on a two-dimensional metric 

corresponding to a retinal coordinate system. In terms of 

retinal coordinates, there was no difference between the 

motion displays presented in the contexts of STEREO-l and 

the CONTROL. Nevertheless, observers' responses did 

reflect the influence of the stereoscopic display. 

Therefore, the results suggest that under the conditions 

used in this experiment, motion measurement appears to be 

based on a three-dimensional metric. 

In the condition where the test velocity was faster 

than the standard there was no effect of stereoscopic 

display. This result would not be predicted by a three

dimensional measurement scheme, because it would predict a 

-----_._._. __ ._.- -----------------------------------
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decrease in the number of 'same' responses. The obtained 

results can be interpreted two ways. First, the constant 

error found for two observers (SD and IN) in this condition 

may be masking any effect. Because BG also failed to show 

a difference in this condition, however, this 

interpretation seems unwarranted. A more plausible 

interpretation is that there is a ceiling effect in 

observer accuracy at this condition. If performance was 

optimal in the practice and CONTROL conditions, there would 

be no room for an improvement in performance for the 

STEREO-l condition. 

Finally, the latency data did not produce any 

significant effects of the experimental manipulation. This 

result is most likely a function of the procedure for 

collecting subject responses. The subject's response was 

not recorded until the test motion element had completed 

its excursion. It was evident at the outset, however, that 

the observers usually formed their judgment during 

presentation of the test element. They often attempted to 

respond prior to the removal of the test element. In these 

cases the actual latency to response was not measured. 

Therefore, the latency data in this experiment was not a 

valid measure of information processing by these observers. 

Summary 

In experiment 1 observers made differential 

velocity judgments in the context of binocular displays 
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that portrayed two planes at varying apparent distances. 

The results indicated that monocular motion perception can 

be influenced by the information available in the binocular 

cue of retinal disparity. Although there was considerable 

variability among subjects in the conditions which varied 

the relative position of the standard and test motion 

elements and in the conditions where time versus distance 

of the motion display was varied, these manipulations did 

not influence the overall results. It was concluded that 

under some conditions, monocular motion measurement can be 

based on a three-dimensional metric. 

-----------------------------------------
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In experiment 1 observers judged the differential 

velocity of two moving elements in each of two stereoscopic 

display contexts. Although those results have suggested 

that differential velocity judgments can be affected by the 

apparent depth of a slanted surface, the two display 

contexts used in that experiment were not necessarily 

equivalent. Two characteristics of these displays may have 

rendered the contexts non-equivalent. 

First, the standard motion elements were presented 

in contexts that differed in their apparent distance from 

the observer. Recall that in the context of STEREO-l, the 

standard element was displayed on a fronto-parallel plane 

at crossed disparity. Thus, it appeared to be positioned 

in front of the surface of the display monitor. In the 

CONTROL context, however, the standard appeared on a plane 

at zero disparity (i.e., on the surface of the monitor). 

If the short-range system does use three-dimensional 

information, the standard translating on the plane at 

crossed disparity should appear to be closer to the 

observer. Thus, it should appear to move slower than its 

counterpart on the zero disparity plane because the 

projected distance it travels should appear shorter. 

Although the judgments were of the relative velocity within 

a stereoscopic context, they were later compared between 

-------- ------------------------------------
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contexts. It is not known to what extent these different 

contex·ts for the standard motion elements influenced 

judgments, over and above the variables under experimental 

control. 

Second, the sloped plane used in STEREO-l may have 

provided conflicting information as to the velocity of the 

test element. The test element in this display appeared 

against a surface containing both crossed and uncrossed 

disparity information. Thus, this surface appeared to 

slope from in front of the monitor's surface to behind its 

surface. Again assuming that the static three-dimensional 

information is used in judging velocity, the element could 

appear slower during its excursion on the crossed disparity 

portion of the path and faster on the uncrossed portion. 

The obtained judgments may be dependent upon the point 

during the stimulus presentation at which the decision was 

made, or possibly some process that averages velocity over 

the entire duration of the display. Because responses were 

not recorded until after the disappearance of the test 

element, there is no way to determine the point during the 

element's excursion at which observers made the velocity 

judgment. 

Experiment 2 was developed in order to determine if 

the effect found in the first experiment could be 

replicated using a more direct measurement technique. In 

this experiment, potential error caused by the non-

-.-.... ---- -------------------------------
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equivalence of the stereoscopic display conditions was 

eliminated. The two stereograms used in experiment 1 were 

combined to create a single stereoscopic display. In this 

display the sloped plane from STEREO-l and the zero 

disparity fronto-parallel plane from the CONTROL condition 

were viewed simultaneously. The standard motion element 

always appeared in the same position, but the moving test 

element randomly appeared on either the control or the 

sloped plane within the same block of trials. The sloped 

plane also was modified in this stereoscopic display. 

Rather than crossing zero disparity at its midpoint, the 

plane was displayed entirely at an uncrossed disparity. 

All other experimental conditions from experiment 1 were 

retained in this replication study. 

Method 

Subjects 

The four subjects (2 male, 2 female) who had 

achieved criterion performance in experiment 1 participated 

in this experiment. 

stimuli 

A single stereoscopic display was used. The 

stereogram consisted of a fronto-parallel plane at zero 

disparity (CONTROL) and a sloped plane (STEREO-l) with zero 

disparity at the left edge, and 12'50" uncrossed disparity 

at the right edge. At zero disparity, there was no 

geometric depth portrayed for the fronto-parallel plane. 
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The sloped plane appeared to slant away from the observer, 

behind the surface of the display monitor. The overall 

geometric depth portrayed in the sloped surface was 1.2 cm 

at a viewing distance of 46 cm. Rather than abutting the 

two surfaces as in the previous experiments, the surfaces 

in this display were separated vertically 1.1 cm. This 

modification provided a blank field between the two planes 

for the presentation of the standard motion stimulus. 

There were two additional modifications to the 

display. In order to eliminate the possible use of the 

fixation line as a distance marker, the line was removed 

from the display. Finally, the horizontal edges of the 

frame surrounding the stereogram were removed, and the 

vertical edges were extended to the full length of the mask 

opening. This modification served to increase the apparent 

depth of the sloped surface. Overall, the stereoscopic 

display subtended a visual angle of 6.70 X 6.10 • 

As in experiment 1, the motion stimulus c.onsisted 

of standard and test elements presented sequentially to the 

observer's right eye. The standard element translated 

horizontally in the blank field between the two 

stereoscopic surfaces at a constant velocity of 30 /s. 

After its excursion, the test element appeared. On any 

given trial, the test element could appear on either the 

fronto-parallel plane or the sloped plane. On 50% of the 

trials the test element moved at the same velocity as the 
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standard (3 0 /s). Of the remaining trials, one half 

displayed the test element at a velocity 30% slower than 

that of the standard (2.10 /s) and one half displayed the 

test element at a velocity 30% faster (3.90 /s). 
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The four experimental conditions developed for 

experiment 1 were replicated using this modified 

stereoscopic display. In two conditions, the sloped plane 

appeared below the fronto-parallel plane as shown in Figure 

12a (Position 1). In the remaining two conditions the 

relative position of the planes was reversed as shown in 

Figure 12b (Position 2). For each of these conditions, the 

spatial and temporal extents of the standard and test 

element were varied. In the 'Time Constant' condition, the 

duration of the standard and test element's movement was 

1.0 s. Thus, the standard and 'same' test elements were 

displaced approximately 2.4 cm, and the 'different' test 

elements displaced approximately 1.7 cm and 3.1 cm in the 

slower and faster conditions respectively. In the 

'Distance Constant' condition, the spatial displacement of 

the standard and test elements was held constant at 2.4 cm. 

The duration of standard and 'same' test elements was 

1.0 s. The slower and faster test elements were displayed 

for 0.7 sand 1.3 s respectively. 

Procedure 

Each of the four experimental conditions was the 

object of a separate testing session. Testing sessions 
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(a) POSITION 1 

(b) POSITION 2 

Figure 12. Stereograms Used In Experiment 2. 
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were randomly ordered for each subject and were separated 

by a minimum of two hours. At the beginning of a session, 

the subject was dark adapted for five minutes, during which 

the subject was informed of the changes from experiment 1. 

After dark adaptation, the subject was given 

one block of 48 practice trials. The practice display 

consisted of the motion stimuli on a field that was blank, 

except for the vertical edges of the stereogram frame. of 

these 48 trials, 24 displayed the test element above the 

standard and the remaining trials displayed it below the 

standard. One-half of the trials had the same velocity for 

test and standard elements. The spatial and temporal 

extents of the practice trials were varied in accordance 

with the condition used in the experimental session. 

Each experimental session consisted of 144 trials, 

with 72 trials each on the fronto-parallel and sloped 

planes. Of these 72 trials, 36 were the 'same' and 36 were . 
'different' (18 slower and 18 faster). Each testing 

session took approximately 15 minutes. 

Results 

A performance criterion again was established at 

75% accuracy on the fronto-parallel plane of the CONTROL 

across all conditions. All four subjects attained accuracy 

levels of 80% or more on this criterion. One subject (SD) 

had an overall accuracy of 93%. 

------------------------------- ......... ,. 
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The analysis of variance for the choice data 

produced two significant main effects. First, there was a 

difference in the proportion of 'same' responses for the 

two stereograms, but it was slight (54% versus 56% for 

STEREO-1 and the CONTROL respectively, F(1,3)=101.4, 

p<.Ol). Velocity difference produced the second main 

effect, (F(2,6)=165.91, R<.OOl). Figure 13 shows this 
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Figure 13. Mean Number of 'SAME' Responses at Each Velocity 
Difference Condition for Experiment 2. 

At 0%, the mean represents accuracy of response. 
At -30% and +30%, the mean represents error. 
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effect, and indicates that over all conditions subjects 

produced more 'same' re~ponses to the true same conditions 

than to either the slower or faster conditions. Again, 

this i,ndicates only that the overall accuracy level of the 

four observer's in the 'same' and 'different' velocity 

difference conditions was quite high. 

The interaction of stereogram and velocity 

difference obtained in experiment 1 was not obtained in 

this experiment. Instead, a single three-way interaction 

of position, stereogram, and velocity difference was found, 

(F(2,6)=6.51, R<.05). The variable "position" refers to 

the relative position of the sloped (STEREO-I) and fronto

parallel (CONTROL) planes (see Figure 12). It also can be 

interpreted as the relative position of the test and 

standard motion elements on a given trial (e.g., standard 

above or below). Figure 14 shows the mean number of 'same' 

responses at each position and velocity difference for the 

practice trials, STEREO-I, and the CONTROL (for reference, 

the means are also listed in Table 3). It should be noted 

that although the practice trials are included in this 

figure, they were not included in the statistical analysis. 

In the figure, position 1 refers to the situation in which 

the fronto-parallel plane of the CONTROL was above the 

sloped plane of STEREO-I. position 2 refers to the 

condition in which STEREO-l appeared above the CONTROL. 
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Table 3. Mean Number of 'SAME' Responses for Each 
Velocity Difference and Stereogram. 
(Data are plotted in Figure 14). 
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POSITION PRACTICE 
-30% 0 +30% 

STEREO-l 
-30% 0 +30% 

CONTROL 
-30% 0 +30% 

1 .25 .92 .11 .07 .95 .22 .24 .97 .19 
(CONTROL Above) 

2 .17 .93 .11 .30 .91 .13 .18 .91 .20 
(STER.EO-l Above) 

• Position 1 
o Position 2 
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Figure 14. Mean Number of 'SAME' Responses at Each position 

and Velocity Difference for Each of the Two 
Stereoscopic Displays and the Practice Trials 
Used in Experiment 2. 
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Three characteristics of the data in Figure 14 

deserve attention. First, regardless of the stereoscopic 

display context, whenever the test element appeared above 

the standard, there was an increase in the number of 'same' 

responses in the -30% velocity difference condition. Thus, 

in position 1 (CONTROL above STEREO-l) the mean number of 

'same' responses for the CONTROL condition was 0.24 at the 

-30% velocity difference. Compare this mean with its 

counterpart in position 2, where the mean for the CONTROL 

dropped to 0.18. 

Conversely, in position 2 (STEREO-l above CONTROL) 

the mean number of 'same' responses for STEREO-l was 0.30 

at the -30% velocity difference, but it dropped to 0.07 in 

position 1. Of further interest is the fact that this 

pattern of results also was found in the practice data. 

When the test element appeared above the standard, the mean 

at the -30% velocity difference was 0.25. In contrast, the 

mean dropped to 0.17 when the test element appeared below 

the standard motion element. 

The second characteristic of these data is that, 

with the exception of STEREO-l, the asymmetry of the means 

between positions 1 and 2 evident at the -30% velocity 

difference is not repeated in the 0% and +30% velocity 

difference conditions. At 0% velocity difference, the mean 

number of 'same' responses for the CONTROL was 0.94 and 

0.91 in positions 1 and 2 respectively. Similarly, the 

-----_ ..... - ----------------------------------
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practice trials produced means of 0.92 and 0.93 for the two 

positions. At the +30% velocity difference the means for 

the CONTROL were 0.19 and 0.20 for positions 1 and 2 

respectively. For the practice trials, the mean at the 

+30% velocity difference was 0.11 for both positions. In 

contrast, STEREO-1 did yield an asymmetry at the level of 

the +30% velocity difference. When STEREO-1 appeared below 

the CONTROL (Position 1) the mean number of 'same' 

responses at the +30% velocity difference was 0.22. When 

it appeared above the CONTROL, however, the mean dropped to 

0.13. As with the CONTROL and practice conditions, the 

mean number of 'same' responses in STEREO-1 showed very 

little effect of position at the 0% velocity difference. 

These means were 0.95 and 0.91 for positions 1 and 2 

respectively. 

The third characteristic of these data evident in 

Figure 14 is that the effect of position appears to have 

been most pronounced in the case of STEREO-1. Not only are 

there asymmetries between the two positions at both the 

-30% and +30% velocity differences, but also the magnitude 

of the asymmetries is larger for STEREO-1 than for either 

the CONTROL or practice trials. It may be the case that 

the position effect found in these data could be attributed 

entirely to an interaction of STEREO-1 with position and 

velocity difference. That is, the asymmetry between the 

means found in the CONTROL condition may not be 
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Figure 15. The Data in Figure 14 Plotted to Show the 
Differences Between STEREO-l and the CONTROL at 
the -30% and +30% Velocity Differences for the 
Two Relative positions. 

(refer to Table 3 for actual data). 

significant, but STEREO-1 may differ both between the two 

positions and from the CONTROL at each of the velocity 

differences. In Figure 15, the data are re-plotted to 

indicate the comparisons of interest. 

To test this possibility, a posteriori comparisons 

among the means in this interaction were made using 

Scheffels ratio. The Scheffe tests indicated that for the 

----------------------------------------------------------------------------
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CONTROL, there were no significant differences between the 

means in positions 1 and 2 at either velocity difference. 

Therefore, although there was some divergence between the 

means of the two positions at the -30% velocity difference, 

it was not significant. In contrast, the position effect 

was significant in the case of STEREO-l. The mean of 0.30 

found at the -30% velocity difference in position 2 was 

different from the mean of 0.07 in position 1, 

(F(2,6)=16.4S, R<.OS). At the +30% velocity difference the 

means for the positions 1 and 2 were not statistically 

different. Finally, the tests did not reveal any 

statistically significant differences between STEREO-l and 

the CONTROL at any level of velocity difference. 

Paralleling the results of experiment 1, the data 

continued to indicate a considerable amount of inter-

observer variability. The analysis of variance revealed a 

significant main effect of subject as well as significant 

interactions of subject with relative position and motion 

presentation type (time constant versus distance constant). 

There were also significant higher order interactions. 

These are summarized in Table 4. It should be noted that 

the position effect found in the omnibus test is also 

evident in these tests of the individual differences. 

Table 5 and Figure 16 together show that three of the four 

subjects were susceptible to the position effect. Subject 

SD did not show the effect, but recall that this subject's 

----_ .. _._._-------------------------------------
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Table 4. ANOVA Summary of Inter-Observer Variability in 
Experiment 2. 

S=subject 
Pos=Standard Above/Below 
Stereo=stereogram 
Vel=Velocity Difference 
DT=Time versus Distance constant 

SOURCE 

S 
S*Pos 
S*Vel 
S*Pos*Stereo 
S*DT*Vel 

df 

3 
3 
6 
3 
6 

SUM OF SQUARES 

5.956 
1.088 
5.684 
1.414 
6.622 

20.44** 
3.73* 
9.75** 
4.85* 

11. 36** 

Table 5. Mean Number of 'SAME' Responses for Each 
Observer as a Function of Position, Velocity 
Difference and stereogram. 

(Data are plotted in Figure 16). 

SUBJECT POSITION STEREO-l CONTROL 
-30% 0 +30% -30% 0 +30% 

SO 1 .03 .97 .14 .14 .87 .11 
2 .00 .93 .11 .08 .97 .08 

BG 1 .14 .93 .44 .22 .94 .31 
2 .36 .90 .19 .31 .93 .36 

JN 1 .03 .99 .19 .28 .99 .25 
2 .50 .99 .25 .17 .97 .31 

RP 1 .08 .92 .08 .31 .96 .11 
2 .33 .83 .00 .17 .76 .06 

Position 1 CONTROL Above 
Position 2 STEREO-l above 

----------------------------------------
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• STEREO-l, Position 1 
o STEREO-l, Position 2 
• CONTROL, Position 1 
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Figure 16. Individual Observer's Mean Number of 'SAME' 
Responses for Each Stereogram as a Function of 
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accuracy was 93%, considerably higher than that of any 

other subject. 

Discussion 

114 

The pattern of results obtained in this experiment 

suggests that the perceived velocity of a monocular motion 

stimulus is differentially affected by the binocular depth 

cue of retinal disparity. In the case where the binocular 

information indicated a plane sloping in depth, observers 

tended to misjudge the velocity of the test element when it 

was either slower or faster than the velocity of the 

standard. To this extent, these results replicate the 

findings of expe:t'iment 1. Nevertheless, because there was 

an effect of the relative position of STEREO-l in the 

stimulus display, the results are not as readily 

interpretable as those of the first experiment. In one 

condition there was a tendency toward an increase in the 

number of 'same' responses relative to the CONTROL 

condition when the test element was slower than the 

standard, and a concomitant decrease in 'same' responses 

when it was faster. These results are consistent with the 

general hypothesis motivating this research which states 

that if an observer perceives an element moving away from 

the observation point in depth, its apparent velocity 

should increase, in order to traverse the greater apparent 

distance. Among these data, however, this difference was 

not significant. On the other hand, the results in the 

------------------------------------------------------------------------------
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second position condition indicate the reverse. They 

suggest that the test element may have appeared to decrease 

in its apparent velocity. Of interest is the fact that 

this reversal was statistically significant in the negative 

velocity difference condition. 

Within the theoretical framework motivating this 

research, there is no a priori reason to anticipate this 

dramatic reversal in observer's responses to the sloping 

disparity plane in the stereoscopic display. According to 

this framework, in order to produce the apparent decrease 

in the velocity of the test element manifest in these data, 

the sloping plane should appear closer to the observer than 

the standard. The obtained effect may be an artifact in 

the experimental situation or may indicate that the 

proposed hypothesis requires some modification. The first 

possibility is considered here. The second is explored 

further in Chapters 5 and 6. 

It was noted in the pilot studies that there was a 

tendency for observers' judgments to be affected by the 

relative position of the test and standard elements. This 

tendency proved to be quite unsystematic, however, and was 

not evidenced in experiment 1. In contrast, it appears 

quite systematic and pervasive among the observers in 

experiment 2. Moreover, observers reported that under all 

conditions in this experiment, the upper test element 

actually appeared to be moving at a greater velocity than 
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the lower element. The results tend to support these 

reported subjective impressions. The fact that one of the 

observers did not show the effect may be attributed to her 

overall high accuracy throughout the experimental 

conditions. This would suggest that an artifact was 

introduced in experiment 2. There are two potential 

sources of this artifact. 

In comparison to the stereoscopic displays used in 

the earlier studies, the stimuli in experiment 2 were 

longer in the vertical dimension. Thus, they subtended a 

larger visual angle vertically. This modification could 

have interacted with the particular viewing apparatus used 

in these experiments. The observers reported two 

impressions when viewing the displays that may have been 

responsible for the apparent increase in velocity of the 

test element in the upper portion of the display. First, 

the up'per plane generally appeared diminished in size and 

farther away than the lower plane. Second, it was more 

difficult to maintain the portrayed depth relations between 

the two planes. The observers reported that one or both of 

these two factors made it more difficult to accurately 

judge the velocity of the moving element in the upper 

portion of the display. Thus, these factors could have 

combined to produce the overall position effect. 

They could also explain the discrepancy of the 

obtained and predicted results for STEREO-l when it was 

-------------------------------------------- "- ... 'j 



117 

positioned in the lower portion of the display. That is, 

relative to the overall apparent increase in velocity of 

the element on the upper plane, the test element on the 

sloped plane may have appeared to be moving more slowly 

overall. Thus, rather than producing an additional effect 

of position for the sloped plane in the lower portion of 

the visual field, this would suggest only that the 

predicted depth effect was counteracted or nulled. One 

would anticipate, however, that this should be reflected in 

the CONTROL condition also, but this is not evident in the 

present data. A general increase in apparent velocity in 

the upper portion of the display and relative decrease in 

apparent velocity in the lower portion also would not 

explain the results in the practice trials. Recall that 

these data also evidenced a position effect, but in the 

absence of any stereoscopic display context. Because the 

spatial separation of the test and standard elements was 

not changed from the earlier studies, the position effect 

both in the practice trials and the stereoscopic displays 

must be caused by some additional variable. 

The second variation introduced in experiment 2 was 

the random presentation of the test element above or below 

the standard. In all previous studies, the observer saw 

the two elements in the same relative position throughout 

an entire trial block. Subjects reported that the random 

appearance position made the experimental task more 

--_. __ ........ - ._----------------------------------- ,.- .. 'I 
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difficult overall. They could no longer attend to a 

particular location in preparation for the test element, or 

potentially track the test element during its excursion. 

If there was an effect caused by this procedure, however, 

there is no reason to suspect that it would differentially 

affect the sloped plane condition and not the other two 

conditions. 

Therefore, the cause of the position effect is not 

clear. It may be the case that it was caused by some 

combination of artifacts in the display coupled with a 

differential sensitivity to moving objects in the upper and 

lower portions of the visual field. without further 

investigation of the phenomenon, however, any further 

analysis of the cause of the position effect based on the 

present data remains pure conjecture. 

Summary 

Experiment 2 was designed to replicate the findings 

of experiment 1 within a more refined experimental context. 

Observers made differential velocity judgments in the 

context of a stereoscopic display that portrayed one plane 

at zero disparity and a second plane that appeared to slope 

in depth. The results indicated that monocular motion 

perception can be influenced by the information available 

in the binocular cue of retinal disparity. Nevertheless, 

the results did not support the specific pattern that 

should obtain under the hypothesis that the perceived 
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increase in apparent distance on a sloped plane would cause 

a general increase in apparent velocity. Instead, there 

was evidence of a systematic influence of the relative 

position of the two planes in the stimulus display. This 

influence was observed primarily in the sloped plane 

condition. possible causes of the position effect within 

the experimental situation were explored. It was concluded 

that although the experimental design could have introduced 

the conditions for a position effect, it was not possible 

to draw firm conclusions from these data alone. 



CHAPTER 5 

EXPERIMENT 3 
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In Chapter 1 it was noted that Adelson (1984) and 

Green and Odum (1986) have reported research suggesting 

that the motion analysis systems can be constrained to 

respect three-dimensional distance information recovered 

from binocular disparity. The results of the present 

resea~ch tend to support their conclusions, but within a 

very different experimental paradigm. Whereas in those 

studies, the moving displays were presented binocularly and 

were confined to discrete depth planes, in the experiments 

reported here, the moving elements were presented 

monocularly and in the context of a static display that 

portrayed a surface sloping in depth. Based on the present 

results it appears that when confronted with binocular 

information indicating a sloped surface, the visual system 

uses that information in determining the perceived 

direction of monocular stimulus motion. Nevertheless, this 

would not necessarily entail that the visual system would 

be so affected in the context of discrete depth planes. 

The results of the pilot studies described in Chapter 2 

have indicated no such effect. In those studies, the 

pattern of results suggested an apparent depth effect in 

the sloped plane conditions, but not for the displays 

containing discrete depth planes. 
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Experiment 3 was designed to investigate whether 

the perceived velocity of a moving element presented 

monocularly could be differentially affected by the 

apparent distance of fronto-parallel planes at different 

disparities. The stereoscopic display consisted of two 

planes, one at crossed disparity and the other at uncrossed 

disparity. In contrast to the predictions about a depth 

effect in displays containing a sloping surface, it was not 

assumed that the perceived direction of motion would be 

affected. The element should appear to translate 

horizontally at all times. Nevertheless, if the perceived 

velocfty of the moving element is affected by the apparent 

distance of the two planes, a particular pattern of results 

should emerge. 

Suppose that the standard element traverses 

distance D on a plane at some fixed distance from the 

observer in depth. Compared to this standard, if an 

element moves on a plane that appears closer to the 

observer, the projected distance D' is shorter. In order 

to cross the shorter projected distance D' in the same 

amount of time, the element should appear to move slower 

than its true angular velocity. In contrast, if an element 

moves on a plane that appears farther from the observer 

than the standard, the projected distance D" is longer. 

In order to traverse this longer projected distance D" in 

the same amount of time, the element should appear to move 
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faster than its true angular velocity. The apparent 

decrease in velocity for the element on the near depth 

plane and the apparent increase in velocity for the element 

on the far depth plane should affect observers' judgments 

in the following manner. On the trials in which the 

angular velocities of the standard and test motion elements 

are equal, both conditions should cause a decrease in the 

number of 'same' responses relative to a condition with no 

variation in depth. If the test element actually moves 

slower or faster than the standard, however, the two depth 

planes should produce equal, but opposite effects. On the 

near depth plane the element should appear to move more 

slowly. Therefore, there should be a decrease in the 

number of 'same' responses when the true velocity is slower 

and an increase in the number of 'same' responses when the 

true velocity is faster. On the other hand, the element 

moving on the far depth plane should appear to move faster. 

Therefore, there should be an increase in the number of 

'same' responses when the true velocity is slower, and a 

decrease when the true velocity also is faster. 

These predictions were tested using the format of 

the stereoscopic displays and experimental procedures of 

experiment 2. This allowed the results of this experiment 

to be compared with those obtained in the stereoscopic 

display conditions of experiment 2, as well as a further 

test of the position effect found in that experiment. 

------------- -------------------------------------



Method 

Subjects 

The same four subjects from experiments 1 and 2 

participated in the experiment. 

Stimuli and Procedure 

123 

A single stereoscopic display was used in the 

experiment. The display consisted of two fronto-parallel 

planes, one at 12'50" crossed disparity (NEAR PLANE) and 

one at 12'50" uncrossed disparity (FAR PLANE). Paralleling 

experiment 2, four conditions (Position 1 versus position 2 

crossed with Time constant versus Distance Constant) were 

created and tested in separate experimental sessions. 

Figure 17 shows the two stereograms used in this 

experiment. They differ only in the relative positions of 

the planes. The motion stimuli and procedures exactly 

replicated those used in experiment 2. 

Results 

It was anticipated that performance accuracy in 

this experiment would be very high because subjects had 

consistently shown improvement with practice. For three 

subjects this proved to be the case. On the practice 

trials, the accuracy for these three subjects ranged from 

90-96%. On the experimental trials their accuracy ranged 

from 90-93%. One subject, BG, produced an overall decline 

in performance accuracy in both the practice and 

experimental conditions. His accuracy was 80% on the 
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(a) POSITION 1 

(b) POSITION 2 

Figure 17. stereograms Used in Experiment 3. 

-----------------------------------------------------
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practice trials, and it dropped to 78% during the 

experimental sessions. Because this subject consistently 

had high accuracy rates in the previous experiments, it was 

assumed that this decrement in performance could be 

attributed to a lack of attention and motivation during the 

experimental sessions. Therefore, this subject's data was 

not used in the subsequent analyses. 

The analysis of variance for the choice data 

yielded one significant main effect of velocity difference 

shown in Figure 18. As in the previous experiments, 

subjects produced a significantly higher number of 'same' 

responses when the standard and test motion elements were 

equal in angular velocity as compared to the unequal 

angular velocity conditions, (F(2,4)=268.03, ~<.OOl). In 

contrast to the results of experiments 1 and 2, however, 

these data also indicated a general increase in the mean 

number of 'same' responses at a -30% velocity difference as 

compared to the +30% velocity condition. This asymmetry 

was evident for both stereoscopic display conditions 

regardless of whether the moving elements were presented 

with time constant or distance constant. There also was a 

slight increase in the mean for the NEAR PLANE display 

relative to the FAR PLANE display at the -30% velocity 

difference (0.18 versus 0.14, respectively). These 

differences were not significant, however. At the +30% 

veloci'ty difference the two means were equal (0.08). 
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At 0%, the mean represents accuracy of response. 
At··~30·t~ and +30%, the mean represents error. 

A single higher-order interaction approached the 

level of statistical significance. As in experiment 2, 

differences were found in the interaction of relative 

position, stereogram and velocity difference, (F(2,4)=5.3, 

~<.07). Figure 19 shows the mean number of 'same' 

responses at each position and velocity difference for the 

practice trials, the NEAR PLANE, and the FAR PLANE (for 

reference, Table 6 lists the data). Although included in 



127 

the figure, the practice trials were not used in the 

statistical analyses. In the figure, position 1 refers to 

the situation in which the NEAR PLANE was above the FAR 

PLANE in the stereoscopic display (Figure 17a). Position 2 

refers to the relative positions of the two planes 

portrayed in Figure 17b (NEAR PLANE below FAR PLANE). As 

evident in Figure 19, the position effect found in 

experiment 2 was replicated in these data. Regardless of 

the context in which the moving elements were judged, there 

was an increase in the number of 'same' responses in the 

-30% velocity difference condition for the plane in the 

upper portion of the display. For the NEAR PLANE 

condition, the mean dropped from 0.23 at Position 1 to 0.13 

at position 2. The means reversed for the FAR PLANE 

condition. At position 1, the mean was 0.09, but at 

Position 2 it increased to 0.20. Finally, a similar 

pattern was obtained in the practice trials. In the 

practice trials, the mean dropped from 0.10 when the test 

element appeared above the standard to 0.04 when it 

appeared below the standard. 

The second noteworthy characteristic of these data 

is that the asymmetry of the means between positions 1 and 

2, evident at the -30% velocity difference is not repeated 

at the 0% and +30% velocity differences for the FAR PLANE 

condition. In this case, the results mimic the pattern of 

results found for the CONTROL condition in experiment 2. 
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Table 6. Mean Number of 'SAME' Responses for Each 
Velocity Difference and Stereogram. 
(Data are plotted in Figure 19). 

POSITION PRACTICE 
-30% 0 +30% 

1 .10 .93 .08 
(NEAR Above) 

2 .04 .98 .26 
(FAR Above) 
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In contrast, the NEAR PLANE in this experiment shows a 

pattern of results similar to that found for STEREO-1 in 

experiment 2. That is, when the NEAR PLANE appeared in the 

upper portion o'f the display (Position 1) the mean number 

of 'same' responses at the +30% velocity difference was 

0.04. When it appeared in the lower portion of the display 

(Position 2), however, the mean was elevated to 0.14. 

Despite this pattern of results, there were no significant 

differences among the means in the a posteriori paired 

comparison statistical tests. 

Discussion 

The negative results obtained in this experiment 

suggest that at least under these experimental conditions, 

the perceived velocity of a monocular motion stimulus is 

not differentially affected by the binocular depth cue of 

retinal disparity. When the moving elements appeared in 

the context of discrete planes at different apparent 

distances from the observer, there was no apparent increase 

in velocity for the FAR PLANE condition. Similarly, there 

was no apparent decrease in velocity for the NEAR PLANE 

condition. On the other hand, the position effect found in 

experiment 2 was replicated in these data. Regardless of 

the context in which the moving elements were presented, 

whenever the test element appeared in the upper portion of 

the display, and above the standard, there was a general 

tendency to increase the number of errors at the -30% 

..... _---- --------------------------------
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velocity difference. In the case of the NEAR PLANE this 

tendency was accompanied by a concomitant decline in the 

error rate at the +30% velocity difference. These 

variations among the velocity difference conditions appear 

to be related solely to the position effect, however, and 

not to any differences between the stereoscopic display 

contexts. Therefore, although Adelson (1984) and Green and 

Odum (1986) have found evidence to suggest that the 

perceived direction of motion can be influenced by 

disparity information, the present results offer no support 

for an influence of a static display on the perception of 

the velocity of a moving element viewed monocularly. 

There are several possible explanations for the 

negative results obtained in this experiment. The first is 

that the high level of accuracy among these experienced 

subjects has masked any possible effect. Although these 

subjects were very accurate, the position effect was still 

evident in their data. This would suggest that a depth 

effect could have been found in the pattern of the data if 

it did exist. Moreover, there was no evidence of such an 

effect among the pilot study data, despite the high error 

rate in those studies. Subsequent examination of BG's data 

in the present experiment also confirmed that even with his 

high error rate, no possible depth effect could be 

discerned. 

------------------------------------------
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A second explanation is that the stereoscopic depth 

does not influence perceived motion of a monocular 

stimulus. This is, of course, the general hypothesis under 

investigation throughout this research. The results would 

not conflict with this conclusion. Nevertheless, the 

results obtained in the sloped plane conditions would argue 

against this conclusion, unless it were modified to apply 

only to the case of discrete depth planes. This will be 

discussed further in the next chapter. 

A final explanation would entail the use of a 

distance constancy effect in processing the disparity and 

motion information. The three subjects reported that the 

depth planes in these displays were very compelling. They 

also noted that the motion elements definitely appeared to 

be moving at different distances from the point of 

observation. The effect was so compelling in these 

displays that it carried over to the standard. Observers 

reported that the standard appeared to be floating in 

space, on a depth plane between the NEAR PLANE and the FAR 

PLANE. In effect, it appeared as if the display contained 

three distinct 'steps' in space. This effect was far more 

pervasive and compelling than in the displays containing 

the sloped plane. It could be the case that within this 

context the perceived velocity of the element was 

influenced by the apparent distance of the plane from the 

observer, but that it was regulated further by a process 

_._-------------------------------------.-..;..--_ ....... .. 
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that produced distance constancy. That is, any apparent 

velocity increase for the FAR PLANE would be tempered by 

its perceived distance from the standard. Thus, with 

distance constancy regulating the percept, the result would 

be consistent with constant velocity, regardless of the 

apparent distance. The observer's judgment then would be 

influenced only by the actual angular velocity difference 

and any possible position effect. Similarly, any apparent 

velocity decrease for the NEAR PLANE would be tempered by 

its perceived distance, and given distance constancy, the 

velocity judgment would be based just on angular velocity. 

Although this explanation is plausible, it should 

generalize to the sloped plane condition, but it does not. 

Thus, a constancy effect alone does not fully explain these 

results. 

Experiment 3 was designed to extend the 

experimental paradigm developed in the present research to 

the case of discrete depth planes at varying apparent 

distances from the observer. Observers made differential 

velocity judgments in the context of stereoscopic displays 

that portrayed fronto-parallel planes at crossed and 

uncrossed disparity. The results indicated that within 

these contexts there was no influence of the information 

available in the binocular cue of retinal disparity. Three 

possible explanations for these data were discussed. They 
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included overall accuracy among the subjects, the autonomy 

of motion analysis from binocular disparity information, 

and an internal process regulating velocity constancy 

within a perceived three-dimensional context. The present 

results do not allow one of these explanations to be 

preferred over the others. Finally, the position effect 

described in experiment 2 was replicated in this study. 

This effect led to an overall increase in errors when the 

test element moved slower than the standard. It also 

influenced the error rate within the context of the NEAR 

PLANE when the test element moved faster than the standard. 

None of these differences were statistically significant. 

---------------------------------------------------
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CHAPTER 6 

CONCLUDING ANALYSIS AND GENERAL DISCUSSION 

The research described in the previous chapters has 

focused on a single theoretical question. Can the visual 

motion analysis system that processes stimuli moving 

continuously across the visual field use three-dimensional 

information provided by the static cue of binocular 

disparity? The results obtained under a variety of 

experimental conditions have been mixed. From experiment 

1, it appears that the disparity information does influence 

the perceived velocity of a moving element. The pilot 

studies and experiment 2 also produced patterns of results 

that support this conclusion, but lack the statistical 

support to render these results conclusive. The results of 

experiment 3 would suggest that there is no influence of 

the static depth cue. 

This final chapter is divided into two sections. 

In the first section the results of experiments 2 and 3 are 

analyz'ed together in order to clarify the phenomena found 

in those studies. The second section contains a concluding 

interpretation of this research relative to the theoretical 

issue under investigation. 

Inclusive Analysis of Experiments 2 and 3 

Experiments 2 and 3 were designed to allow for a 

global comparison of the results obtained under four 

experimental conditions. In one condition the stereoscopic 
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display portrayed a plane that sloped smoothly in depth 

behind the surface of the display monitor (STEREO-l, 

experiment 2). Two additional conditions contained fronto

parallel planes, one projecting in front of the display 

surface (NEAR PLANE, experiment 3) and the second 

projecting behind the surface (FAR PLANE, experiment 3). 

The final condition portrayed a fronto-parallel plane with 

no disparity variation between the two half-images. Thus, 

it appeared to be positioned on the surface of the display 

monitor (CONTROL, experiment 2). 

The differential velocity judgments from these four 

conditions were combined and analyzed in a final 

statistical test. This global analysis of variance yielded 

two significant results. Per expectation, there was a main 

effect of velocity difference, (F(2,6)=217.09, R<.OOl). Of 

greater interest is the interaction of stereoscopic 

display, velocity difference and relative position of the 

planes in the display. This three-way interaction, shown 

in Figure 20, was statistically significant, (F(6,14)=4.29, 

R<.Ol). In this figure only the 'different' angular 

velocity conditions are shown, because this casts into bold 

relief the position effect found in the two experiments as 

well as the effect of the disparity information. In the 

figure, position 1 is defined as the condition in which the 

stereoscopic surface was presented in the upper portion of 

the stimulus display. Position 2 refers to the 
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presentation of each surface in the lower portion of the 

display. It is evident in the figure that the position 

effect can be characterized as an increase in the number of 

'same' responses whenever the test element had a slower 

angular velocity than the standard, and it appeared above 

the standard (Figure 20-TOP). Under these conditions, 

observers had greater difficulty discriminating between the 

test and standard elements when there was a negative 
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Figure 20. The Results of Experiments 2 and 3 Plotted to 

Show the differences Between Position 1 and 
Position 2 at the -30% and +30% Velocity 
Differences for the Four Stereoscopic Display 
contexts. 

(Refer to Tables 3 and 6 for the data used in 
these plots) • 
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velocity difference as compared to the positive velocity 

difference condition. This would imply that overall, the 

effect of the surface appearing in the upper portion of the 

display was a general increase in the apparent velocity of 

the test element. The degree of asymmetry between the two 

velocity difference conditions was least for the CONTROL 

condition. In contrast, whenever the test element appeared 

below the standard in the display (Figure 20-BOTTOM), the 

as}1mroetry between the two velocity difference conditions 

was eliminated in all stereoscopic display conditions 

except STEREO-l. STEREO-l produced an equivalent, but 

opposite pattern of results in position 2. That is, 

observers had greater difficulty discriminating between the 

test and standard elements when there was a positive 

velocity difference as compared to the negative velocity 

difference condition. These results suggest that across 

the two experiments, the only condition that evidenced any 

effect of the binocular cue on the perceived motion of the 

test element was the case in which a plane sloped smoothly 

in depth. 

General Discussion 

Considered in its entirety, this research has 

demonstrated that the perceived continuous motion of a 

monocular stimulus is not solely the product of a two

dimensional motion measurement. Under certain conditions, 

observer's judgments of differential motion velocity were 
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affected in a manner that would suggest that the perceived 

direction of motion was altered. The results indicate that 

rather than appearing to move horizontally on a fronto

parallel plane, the element appeared to move in depth. 

This occurred only when the static binocular information 

contained a smoothl~ sloping surface. 

These results conflict with the basic premise of 

contemporary computational models of the short-range motion 

analysis system. This theoretical approach maintains that 

in the early stages of motion analysis, the system operates 

automatically and autonomously over positional change 

information in a time-varying series of images. Thus, 

monocular motion measurement is based on a two-dimensional 

metric corresponding to the layout of the photoreceptors on 

the retina. It should not be affected by the binocular 

disparity information recovered by a parallel process. The 

present results imply, however, that the system can use 

three-dimensional information in the static depth cue of 

binocular disparity, and therefore, is not necessarily 

autonomous. 

The present research was motivated by an 

alternative hypothesis that the short-range motion analysis 

system may use a three-dimensional metric if the 

information is available. That is, the motion processing 

system may not be completely autonomous. The results 

generally support this conclusion. Adherence to a three-
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dimens'ional metric, however, would have produced a specific 

pattern of results. For the sloped surface, the effect 

should have been an overall increase in the apparent 

velocity of the test element as it traveled the greater 

apparent distance. With the exception of one of the 

positions in experiment 2, this prediction was supported. 

The anomalous results of experiment 2, however, 

suggest that this prediction may not be supported under all 

conditions. It may be the case that these anomalous 

results were the product of the particular stereoscopic 

display. The position effect seemed to produce an overall 

increase in apparent velocity in the upper portion of the 

display. Relative to this apparent velocity increase, the 

apparent velocity increase due to the depth cue may have 

been counteracted, or nulled, as the observer established a 

decision criterion. The effect would not necessarily be 

evident in the other conditions if it is assumed that the 

depth effect was specific to the sloped plane. Pending 

further investigation, however, this possible explanation 

is purely a post hoc conjecture. 

The important implication of these anomalous 

results is that the simple model of increased apparent 

velocity, given increased apparent distance, cannot be 

generalized to all stimulus conditions. The depth effect 

is sensitive to additional characteristics of the display. 

Therefore, any model of the effect probably will require 

_ ................. _------------------------------------
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additional variables. 
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The fact that a depth effect was not evidenced in 

the case of the depth planes at discrete distances from the 

observer presents an interesting contrast to the sloped 

plane condition. It would suggest that the metric of 

motion measurement is two-dimensional, not three-

dimensional. Moreover, these results are consistent with 

those obtained by Ullman (1978), Mutch, smith and Yonas 

(1983), Tarr and Pinker (1985) and Klopfer and Cooper 

(1985). Recall that these studies investigated the metric 

of motion measurement using a two-element apparent motion 

paradigm within various three-dimensional contexts. within 

such a paradigm the apparent end positions of the moving 

elements are necessarily on discrete depth planes. 

It may be the case that the metric of visual motion 

proces,sing is different for the short~range and long-range 

motion measurement systems. By its nature, the motion 

information processed by the long-range system is always 

discrete. In this case a two-dimensional motion metric may 

be preferable for solving the correspondence problem. 

Because the short-range system processes continuous or 

near-continuous motion information, this system may be 

capable of employing either a two-dimensional metric or a 

three-dimensional metric, depending on the nature of the 

additional information available to the system. When the 

"'- "'I 
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additional information indicates moving elements on 

discrete depth planes, the metric may be two-dimensional. 

The two-dimensional metric may even be useful in 

maintaining overall constancy in the visual field. When 

the additional information indicates an element moving in 

depth, toward or away from the observer, the system may 

employ a three-dimensional metric. Rather than having to 

recover depth from the motion information, the motion 

measurement could proceed directly from three-dimensional 

information already available to the system. 

In conclusion, the present research has produced 

evidence to suggest that the metric of visual motion 

processing deserves further investigation. It is not 

necessarily a two-dimensional metric under all conditions. 

Binocular disparity information representing a surface 

sloping in depth is one of those conditions. Future 

investigations could examine the sloping surface 

information using an alternative method for determining the 

perceived direction of motion. The sloping surface could 

also be incorporated into apparent motion displays to 

investigate its effects on processing by the long-range 

motion analysis system. And finally, additional sources of 

three-dimensional information deserve exploration. These 

could include size, luminosity, texture and shading to name 

a few. As these avenues are explored, the computational 

models of the motion analysis systems may require revision. 

------------------------------ -... - .. 
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Future models may still be able to produce fast, reliable 

computations of visual motion and yet be sensitive to 

additional information possessed by the system. 
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Each stereo half-image contained 1600 illuminated 

elements whose positions were randomly generated from a 

250 X 200 matrix and distributed over an area measuring 

5.4 cm X 4.4 cm. Each matrix position had equal 

probability of being sampled, but once selected was not 

replaced. This provision allowed relatively constant 

luminosity across the entire half-image. 

For the fronto-parallel planes perpendicular to the 

observer's line of sight, selected disparities were 

produced by shifting the horizontal position of each 

element of the matrix in equal and opposite directions for 

the two eyes in integer multiples of the single element. 

Because only integer multiples were used, actual disparity 

was recalculated after the matrix was produced. For 

crossed disparity the lateral shift is negative. That is, 

the spatial separation between the half-images is reduced. 

For uncrossed disparity, the lateral shift is positive, 

increasing the spatial separation of the half-images. For 

further information in the creation of stereograms, and 

disparity and depth calculations see Cormack and Fox 

(1985). 

The sloped planes were produced by convolving the 

horizontal spacing between elements in the right half-image 

with a horizontal scaling factor (Julesz, 1970; Anstis, 
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1986). The scaling factor was determined by the following 

formula: 
(W + disparity)/W 

where: W = half-image horizontal width in 
element units 

disparity = integer value of crossed and 
uncrossed disparity in element 
units 

Any remaining horizontal shift required to align the sloped 

plane with a plane perpendicular to the line of sight was 

then added to same right half-image. 

The stereograms were then stored as data matrices 

in separate files. During an experiment, the main computer 

program would first randomly select the order of stereogram 

presentation and then access the necessary files in order. 
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STEREOSCOPIC VIEWING APPARATUS 
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The stereoscopic viewing system used in these 

experiments was a modification of an apparatus first 

described by Ortony (1970). The left and right half-images 

of each stereogram were projected onto the screen of the 

Hewlett Packard graphics display monitor, with the left 

half-image being inverted, and positioned above the right 

half-image as shown in Figure 21. A piece of matte black 

poster board was fitted over the surface of the display 

monitor with a 7.6 cm X 7.0 cm opening cut to frame each 

half-image. The lower, right half-image, was transmitted 

through a vertically polarizing filter that filled the 

matte board opening. Similarly, the upper, left half-image 

was transmitted through a horizontally polarizing filter. 

A plywood hood was constructed to support a 30.5 cm X 24.0 

cm half-silvered mirror that was suspended between the two 

half-images, normal to the surface of the display monitor. 

The mirror was rated at 36% reflectance and 27% 

transmission. The right half-image was transmitted through 

the mirror. The left half-image was reflected off the 

surface of the mirror, and consequently re-inverted to 

restore it to its correct viewing orientation. The 

reflecting/transmitting surface of the mirror thus allowed 

the two half-images to be overlaid, with only the 
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predetermined disparity values producing the slight 

horizontal displacement of the two images. 
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In the pilot studies described in Chapter 2, the 

overlaid images were viewed through a pair of laboratory 

goggles with a vertically polarized filter over the right 

eye and a horizontally polarized filter over the left eye. 

It was found, however, that when the subject's head tilted 

slightly, it was possible for each eye to see its 

orthogonally polarized half-image. This introduced the 

possibility that the left eye could see the motion displays 

projected to the right eye on some trials. For the 

remaining experiments a tachistoscope viewer was mounted on 

the hO,od, 46 cm from the surface of the display monitor and 

at a 300 angle above the mirror surface. The observer's 

visual field was restricted by placing a pair of 2.5 cm 

diameter apertures within the viewer. The right eye 

aperture was covered with vertically polarizing filter, and 

the left eye aperture contained a horizontally polarized 

filter. Under these viewing conditions, it was impossible 

for either eye to see its orthogonally polarized half-image 

over a relatively wide range of potential observer 

movement. Because the left half-image on the graphics 

display monitor was always visible to the eye viewing 

through the horizontally polarizing filter, a small piece 

of matte blac]c poster board was suspended in front of the 

viewing device to further restrict the observer's field of 

-----------------------------------------------
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view. Although this shield was visible while viewing the 

display, the overall dimness of the room lighting, coupled 

with the darkness of the display surround, rendered any 

potential distraction introduced by the shield negligible. 

Figure 22 shows the complete viewing apparatus with an 

observer positioned for an experimental session. 

, ~ '" 'I 
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Figure 21. The stereoscopic Display. 

--~ 
Figure 22. Subject Ready for an Experimental Session. 
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