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Since its abortive boom in the early fif-
ties, the three-dimensional, or stereo-
scopic cinema has been the stepchild of
filmmaking, discredited in the minds of
filmmakers, producers, and audiences.
Lenny Lipton, author of the classic In-
dependent Filmmaking, now shows the
way toward a 3-D revival. After six years
of experimentation, design work, and
filmmaking, Lipton has distilled his ex-
periences in a spirited and profusely il-
lustrated account that will appeal to pro-
fessional and student filmmakers,
cinema historians, optical engineers,
and equipment designers, and even fo
avid lovers of film.

For the first ime a coherent system of
stereoscopic cinematography is pre-
sented. No longer need each worker
entering the field start from scratch. The
thoroughly original concepts outlined
are theoretically sound, yet based
entirely on practical experience. Lipton
describes the basic principles for engin-
eering practicable stereoscopic motion
picture systems, essential information
since so little off-the-shelf equipment is
available at this time. The principles and
specifications will serve as a guide to
engineers and filmmaker-designers.

Also included are discussions of the psy-
chology of binocular depth perception,
the physics of light polarization, a com-
prehensive historical-technical account
of the three-dimensional medium, as
well as the author’s original work con-
cerning the new method of stereoscopic

cinematography and the overall engin-
eering parameters of such systems.

Although the concepts presented in this
book are based largely on experiments
performed with small formats, Lipton
and his colleagues have provided 35mm
motion picture technology based on
these experiments to produce a promo-
tional film for the Oldsmobile Division of
General Motors and for E.O. Corpora-
tion's feature film, Rottweiler.

Foundations of the Stereoscopic Cinema
is the essential book on three-dimen-
sional filmmaking. With it, Lenny Lipton
has given us another book that will
dramatically affect the way in which films
are made and thought about.

Lenny Lipton is the author of Independ-
ent Filmmaking, The Super 8 Book, and
Lipton on Filmmaking, and his articles on
films and filmmaking have appeared in
numerous magazines and journals, in-
cluding Super-8 Filmmaker and Amer-
ican Cinematographer. His more than
twenty-five independently produced
films have been screened at the Whitney
Museum, Cinemathgque Francaise, the
Smithsonian Institution, and the Pacific
Film Archives, and several have won
festival prizes. In addition to an award
from the American Film Institute, Lipton
has received grants from the National
Education Association and from the
California Arts Council for his research in
stereoscopic filmmaking. He is president
of Stereographics Corp., a company
devoted to research and development in
stereoscopic imaging techniques. A
member of the Society of Motion Picture
and Television Engineers, he has taught
filmmaking at the San Francisco Art In-
stitute and the University of California.
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Preface

It was 1952, and | was twelve years old. | bought a 3-D comic book about a
Stone Age hero who used an ax to clobber dinosaurs. | am certain that dino-
saurs are supposed to have become extinct several million years before men
appeared on earth. Nevertheless, the combination of cave man and tyranno-

saurus is a winning one, as any twelve-year-old boy or fifty-year-old movie

producer will tell you.

I wore cardboard goggles to see the illustrations in proper 3-D. The
goggles had red and blue filters. After looking at the pictures for some time, |
noticed that | was seeing the world bluish in one eye and reddish in the
other. This occurred when | took off the goggles and looked around the back
yards and vacant lots of my youth. Even now, years later, | will blink one eye
to see if the world is tinted red and the other to see if it is tinted blue.
Sometimes it still happens! Could Mother have been correct? Did those
comic books really ruin my eyes?

Soon many other publishers offered anaglyphic comic books, and |
bought all I could find. Some were much better than others. The figures in
the best ones appeared to be more than cardboard cutouts set against back-
drops. Some artists succeeded in giving their drawings a fullness, a round-
ness. | remember a little girl in one of the drawings. She wore a polka-dotted
dress, and the polka-dots followed the contoured folds of her clothes. I re-
member an aviator falling to his death, hands outstretched right off the page,
practically touching my nose. His feet stretched far to the distant sky, a fro-
zen, sculptured doom never achievable in flat comic books.

I became a connoisseur of anaglyphic comic books. | studied them. 1
even projected their images using an opaque projector that | built. My
school friends came to my home to see 3-D comics projected rear-screen on
tracing paper, which | buttered for increased brilliance.

I noted that some comic books used green filters instead of blue. Some
used blue for the right eye and red for the left and others red for the right and
so on. No standardization at all. It concerned me, even at twelve.

| drew my own 3-D comic strips. | invented a character, a giant ape |
called Might Mola. He was very much like King Kong. | shopped around for
just the right shade of red and blue or green pencils for my drawings. | never
found a truly satisfactory blue or green or blue-green. Always too much
ghosting, or one image bleeding through to the other eye.

8
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PREFACE 9

Aug. 28, 1962 M. L. HEILIG 3,050,870
SENSORAMA SIMULATOR
Filed Jan. 10, 1961 8 Sheets-Sheet 3
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Sensorama simulator, essentially a three-dimensional nickelodeon. The observer
sits with head in hood, as shown in this U.S. patent illustration.

My method was to do a master drawing in black pencil and then to
overlay a sheet of tracing paper. It was on the tracing paper that | made my
red and green drawings, by carefully displacing the tracing paper left or
right. The other kids in the neighborhood were playing stickball or running
from gangs. | marched to the sound of a different drummer.

Shortly after the first comic books, 3-D movies appeared. | remember
my mother taking me to midtown Manhattan to see Bwana Devil at a first-
run house. | loved it. (I forget what she thought.) Soon 3-D movies were

playing at the local movie houses. | remember what | think was the chemical-

smell of the polarizing glasses as well as that of the blue ink preview pages
and rancid buttered popcorn at the Ambassador Theater in Brooklyn.

| don’t remember thinking that 3-D movies were better than comic
books. They were merely different. The movie glasses were like sunglasses,
neutral, not colored. | wondered why. | removed the transparencies from a
View-Master card and tried to project them. My method was faulty. | sand-
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10 FOUNDATIONS OF THE STEREOSCOPIC CINEMA

wiched the two together and placed them in the gate of a primitive 16mm
movie projector. The superimposed images did not appear in 3-D when |
wore polarizing glasses. | couldn’t figure out why.

By the time | was thirteen, or maybe fourteen, they stopped publishing
stereoscopic comic books and making stereoscopic movies. | became inter-
ested in puppets, in spaceships, in fourteen-year-old girls.

Time went by, and | went to college. First | studied engineering and
then physics. | decided to become a writer and got a job at Time, Inc., and
after that | worked as an editor at Popular Photography. While there | wrote a
story about Morton Heilig's Sensorama simulator. Heilig still is a stereoscop-
ic motion picture fanatic. His dream was to involve the viewer totally in
simulated sensual experience. An individual sat with his or her head in a
hood, eyes peering into a binocular-type eyepiece, observing stereoscopic
motion picture image pairs that covered a great deal of the peripheral visual
area. In essence, Sensorama was a stereoscopic nickelodeon, but with add-
ed odors, vibrations, winds, and with a pair of built-in speakers providing
binocular sound. It was a turn-on!

| left Popular Photography, got married, moved to the West Coast, and
began a career as an independent filmmaker. To support my habit, | decided
to write a book about what | had learned as a fledgling filmmaker. It was
called Independent Filmmaking. | made many films, | wrote many articles
and another book, this one about super 8 techniques.

About six years ago, while rummaging through a San Francisco store
that specializes in odds and ends imported from Asia, | suddenly had what |
supposed to be a very profound insight into stereoscopic television systems.
From the time | was thirteen to the time | was thirty-four, the dream of mak-
ing stereoscopic films seems to have lain dormant. But this dream of child-
hood was a deep dream, and it never left me. | got in touch with a former
physics classmate who had actually gone through the entire Ph.D. process.
He liked my idea. Mel Siegel and | wrote a report to interest investors. He
greatly improved my concept, and we came rather close to attracting the
kind of money it would have taken to develop such a system. But a miss, as
they say, is as good as a mile.

Undaunted, | decided to do what | could and make stereoscopic mov-
ies. My proposals to several grant-giving organizations fell on deaf ears, and
in March 1976, when two such rejections arrived within a day of each other,
| flew into a rage and decided to go ahead anyway. Because of the books
and articles | had written about motion picture technology, a channel was
opened to me to organizations that distributed motion picture equipment. |
was able to borrow the components | needed for my project.

[ had to design and build my own stereoscopic system because there
was, and in fact still is, no such system available. For small formats there are
simple add-on mirror or prism devices, which can be used with existing
cameras and projectors, but these have severe limitations. They produce a
peculiar vertical field, they are limited to a fixed interaxial distance, and they
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PREFACE 1

do not work well with wide-angle lenses. For large formats, the situation is
very little better. When | began my work, there were several 35mm motion
picture systems available, but they also had a limited range of possible focal
lengths and of other creative variables, and they are expensive to lease and
operate.

As it turns out, having to build my own dual rig out of two cameras was
just the right approach, because with such a system it is possible to vary
system and photographic parameters fully. Although my overriding intention
was to make stereoscopic movies, | soon became involved in a study of how
to build a good system. The best possible approach would be to build a good
single-band system, with both left and right images on a single piece of film.
But in order to know how to do that properly, dual-band experiments em-
ploying two pieces of film, one for the left image, the other for the right, are a
necessary first step.

The basic idea of a dual-band approach is to use existing apparatus and
systems to the fullest so that as little as possible needs to be developed. This
is an economical method, and one that can produce good results. I worked
in super 8, because the hardware is small and light, and the software would
be correspondingly inexpensive. | decided to use the same approach as
many others entering the field. | employed a dual camera, made up of two
cameras mounted on a common base for photography and two interlocked
projectors for screening footage. These machines needed to be run in pre-
cise synchronization, and | was in luck because there was a great deal of
interest in super 8 double-system sound. For example, the apparatus used to
synchronize a camera and a recorder could be modified with little difficulty
to synchronize two cameras.

Like many others who came before me, | had no idea how terribly
difficult it is to make such equipment perform properly. The naive position is
that since one is simply using two of this and two of that, stereoscopic film-
making ought to be fairly simple. | had no notion that stereoscopic photogra-
phy was in many ways substantially different from conventional, or planar,
photography.

At the time | began my work, | was giving a class in basic super 8
filmmaking at the Berkeley Film Institute. One of my students, Michael
Starks, turned out to be a person of considerable accomplishment as a re-
searcher and writer. Michael’s enthusiasm for stereoscopic filmmaking was
as great as mine, and he proved it over the next five years by spending
countless hours in the library, tracking down every article directly or indi-
rectly related to the subject.

The equipment arrived, and | set to work. In the first few months of our
experimental and library research, we learned that the ‘basic information
needed for making stereoscopic films had not been published. Whether or
not it was known but never written down did not make a difference. What |
needed to know was not available. Although there was scattered informa-
tion about the necessary engineering of a stereoscopic motion picture sys-
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12 FOUNDATIONS OF THE STEREOSCOPIC CINEMA

tem, this information had not been codified and was difficult to unearth.
Even worse, no straightforward method for doing stereoscopic photography
seemed to have been published. Several authors had written their versions of
how to vary the photographic parameters involved, but the underlying argu-
ments seemed oblique or incorrect; more important, my attempts to follow
these recommendations did not lead to satisfactory results. Other authors
seemed to obscure their methods deliberately, perhaps because they did not
want competition.

My research efforts were enhanced because there were several theaters
in the San Francisco Bay Area engaged in a revival of stereoscopic films.
Most of these had been shot in the early 1950s. The theaters screened films
such as Creature from the Black Lagoon, It Came from Outer Space, Kiss Me
Kate, The Maze, and House of Wax. With the exception of the last film, they
were all screened as they had been originally, using interlocked projectors.
Although House of Wax was shot with a dual-system, it was projected with a
single system, both images having been optically printed side by side ontc a
single piece of film. | also had an opportunity to view recent efforts: The
Bubble and Andy Warhol’s Frankenstein. Although synchronization was not
a problem, since these films were shot and projected single-band, there
were other terrible problems. The system of photography employed often
placed objects too far out into the audience, producing eye fatigue from the
muscular effort needed to fuse such images. As bad, the left and right pro-
jected image fields usually had eyestraining unequal illumination. With only
a single exception (House of Wax), all of these films were projected out of
synchronization, and it seemed to me that much of the photography was off
the mark. To cite one troublesome area, many of the studio rigs produced
eyestraining vertical misalignment between left- and right-image pairs when
using different lenses, or with changes in focus. I've never yet encountered a
double system rig that did not require repeated recalibration in the field, and
it seems that the otherwise expert crews took the accuracy of the equipment
for granted.

The danger with stereoscopic filmmaking is that if it is improperly done,
the result can be discomfort. Yet, when properly executed, stereoscopic
films are very beautiful and easy on the eyes.

It took about a year of steady work before | could achieve, on a routine
basis, well-photographed and well-projected stereoscopic film. | had to
learn how to tune my pair of Nizo 561 cameras and my Eumig projectors to
get optimum results. | had to learn how to correlate creative camera con-
trols: focal length, distance from subject to camera, and interaxial distance.
After two years, | began to achieve an understanding of the psycho-optical
(psychological-optical) nature of the system.

This book is rooted in practicality. A major part of the work involved
shooting, cutting, and projection of several stereoscopic films. At the mo-
ment, there is a completed stereoscopic work, a half-hour film, Uncle Bill
and the Dredge Dwellers, which has been screened for audiences in Toron-
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PREFACE 13

to and Venezuela, at film festivals, and in several cities in the United States. |
began work on the film before | knew how to tune my camera projector
properly and before my thoughts on transmission systems (the working
model used to explain stereoscopic photography) had come together.

| needed to have this experience with actual photography, editing, and
projection. | now realize that shooting a documentary-type film in the field,
compared to working in a controlled studio situation, is something of a tech-
nical tour de force. Working with a tentatively engineered dual rig, with an
incomplete notion of how to do the photography, made it even more diffi-
cult. Yet the proof is in the pudding, and Uncle Bill and the Dredge Dwellers
is, | believe, one of the finest stereoscopic films ever made.

In October 1980, my associate, Michael Starks, and | formed Deep &
Solid Inc., an organization devoted to the research and development of ster-
eoscopic motion picture and television systems. Together with our partners,
General Electronic Services Inc., of Berkeley, California, and in collabora-
tion with video engineer Jim Stewart, we have constructed a successful pro-
totype of a three-dimensional television system which we hope will find
acceptance with industrial users.

Several months ago we formed a venture with Stereovision Internation-
al Inc. to service the film industry with the optics and expertise needed for
what we hope will be a flourishing revival of the stereoscopic medium. To
date, we have serviced the Oldsmobile Division of General Motors with a
promotional film, The Dimensions of Oldsmobile Quality (directed by Dave
Seago, produced by the Sandy Corp.) and E.O. Corp. with a feature film,
Rottweiler (directed by Worth Keeter Ill, produced by Earl Owensby). Both
directors forced me to rethink my system of photography, and contributed to
my understanding of the medium. The films appear under the Future Dimen-
sions mark, using a system that places the stereopairs above and below each
other on a single piece of 35mm film. The Ienses for our system were de-
signed by Chris Condon of Stereovision.

Readers of my other books may be in for a surprise. This is a more
difficult book, and a warning is in order. Although this has certain aspects of
a how-to-do-it book, the major portion is, by its nature, a monograph pre-
senting original research. Readers seeking a more simplified approach are
referred to Lipton on Filmmaking (Simon and Schuster, 1979), which con-
tains a how-to-do-it section devoted to some of the tools used in this study.

The early portions of the book are, by their nature, tutorial and histori-
cal. It was necessary to discuss some of the fundamentals, since stereoscopy
is an interdisciplinary art, yet lines had to be drawn. For example, trigonom-
etry is used to obtain some results, but obviously this is not a textbook on
basic trigonometry. The mathematics is roughly on an advanced high-
school, or perhaps freshman college, level. Some readers will thumb
through the book and challenge that contention. For them, or for the reader
in a hurry, the results of mathematical derivations may be accepted at face
value, and | have striven to explain all concepts in simple English.
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14 FOUNDATIONS OF THE STEREOSCOPIC CINEMA

| admit that | have had a difficult time deciding on the proper tone or
level of difficulty of this book. It has been my desire to reach the greatest
number of readers; | am hopeful that filmmakers will take up the call so that
stereoscopic filmmaking will proliferate. Yet the state of the art is such that
large chunks of basic information have not until now existed. | had to invent
or discover much of what the reader now has in hand. This book, like my
others, contains the information | needed to know in the years before | wrote
it.

Having achieved what to my mind is an entirely satisfactory stereoscop-
ic transmission system, | realize that there are a number of stumbling blocks
in the path of the beginner, not the least of which is the lack of suitable
stereoscopic apparatus. Generally speaking, you cannot go into a store with
cash in hand and leave with a stereo camera and projector. The equipment
does not exist. Thus a major portion of my concern here is to communicate
with the people who will be called upon to design and build stereoscopic
motion picture and television equipment. Such advice will also be of great
value to the filmmaker striving to create his or her own system. But such an
exposition must be more complex than one aimed at the lay reader. It is my
hope that this book will appeal not only to filmmakers, technicians, design-
ers, and engineers but also to readers with a more general interest in film-
making.

When | discuss my system, | am both presenter and popularizer of some
rather complex original material. In my desire to present my arguments fully,
I may have forsaken simplicity. | feel that the state of the art is such that
persuasion and completeness are more important than a streamlined ap-
proach. On the other hand, it is also my desire to communicate with those
who are not necessarily engineers or scientists. | have omitted some compli-
cated exposition for this reason.

At present, there are very few practitioners of the stereoscopic cinemat-
ographic art. Occasional films are produced by only a handful of workers;
unfortunately, most of these efforts are a disgrace and in fact retard rather
than advance the craft. It is my hope that as a result of this study the situation
will change and the stereoscopic cinema will flourish.

Toward that end, | have provided an exhaustive bibliography, which
includes selected patents. The inclusion of this material is meant to save the
researcher valuable time.

The title of the book, Foundations of the Stereoscopic Cinema, needs
some explanation. Although | am not without my share of delusions, | am
not egotist enough to believe that | and | alone have solved the vexing rid-
dles of stereoscopic cinematography. The title alludes, if the reader will al-
low, not only to my contribution but to the work of many others as well.
Their efforts are reviewed in the historical section and in the portions of the
book reviewing transmission systems.
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chapter 1

A Technical History of
the Stereocinema

Before Sir Charles Wheatstone discovered the depth sense, stereopsis, in-
quiry into binocular vision was pursued by only a handful of people. The
rest of the world simply went about its business enjoying the benefits of
seeing with two eyes, but consciously unaware of the depth sense, stereopsis
(literally, solid seeing).

The self-conscious awareness of stereopsis, together with the publica-
tion of the discovery of this major perceptual modality, did not take place
until 1838. Before Wheatstone, there were perhaps fewer than a dozen writ-
ers who were concerned with and made any sort of contribution to the un-
derstanding of this, one of the human race’s most important survival mecha-
nisms.

The combination of Wheatstone’s discovery with photography, which
was invented the following year, became a very popular medium, and by
the mid-1850s the parlor stereoscope graced many a nineteenth-century liv-
ing room.

Technical problems, primarily, have retarded the development of stere-
oscopy, resulting in a culture with a marked planar bias. With the exceptions
of theater, sculpture, and of course stereoscopic photography, our visual
media are two-dimensional. Certainly depth cues are present, but these are
extra-stereoscopic. Photography, rich in depth cues, and cinematography,
even richer because of the possibility of motion parallax, nevertheless re-
main planar, or one-eyed, media.

16
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A TECHNICAL HISTORY OF THE STEREOCINEMA 17

BEFORE THE STEREOSCOPE

After Wheatstone announced his discovery of stereopsis, another distin-
guished British physicist, Sir David Brewster, attempted to discredit the dis-
coverer with these words: “It is, therefore, a fact well known to every person
of common sagacity that the pictures of bodies seen by both eyes are formed
by the union of two dissimilar pictures formed by each. This palpable truth
was known and published by ancient mathematicians’’ (Brewster, 1856, p. 6).

It may have seemed obvious after the fact, but it certainly was not obvi-
ous before. Although there are a number of references to the specific issue of
vision with two eyes, there is no clear understanding in the prior literature
that the two slightly dissimilar left and right images were combined into one
image with a new depth sense.

In theorems 23 through 28 of his Treatise on Optics, Euclid deals with
the geometric problem of observing a sphere with two eyes. He shows that if
one looks with both eyes at a sphere whose diameter is less than the interoc-
ular distance, more than a hemisphere is visible, and that if one looks at a
sphere whose diameter is greater than the interocular, less than a hemi-
sphere is visible. Writers in subsequent centuries repeat and amplify Euclid’s
remarks, but this hardly serves to substantiate Brewster’s claim. Although
some philosophers have been interested in the problems of binocular vision,
the history of the subject is actually one of repeated exposition of essentially
the same facts, without the insight Wheatstone was to provide.

p c

1.1. Euclid’s sphere. ‘“When the diameter of the sphere is equal to the distance
between the eyes we see exactly a hemisphere. In this diagram F is the right eye
and D the left, CHFI the section of that part of the sphere BC which is seen by
the right eye £, BHGA the section of the part which is seen by the left eye D, and
BLC the half of the great circle which is the section of the sphere as seen by both
eyes.”” (Brewster, 1856)

Galen, the celebrated Greek physician, published his On the Use of the
Parts of the Human Body in the second century A.p., and it is he who sup-
plied the first common-sense description of left- and right-eye perspective.
Today a similar demonstration is often given in terms of holding a finger in
front of one’s eyes and alternately observing the finger and the background
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18 FOUNDATIONS OF THE STEREOSCOPIC CINEMA

behind it with the left and then the right eye. Galen’s description was some-
what different:

" But if any person does not understand these demonstrations [he refers to
Euclid] by means of lines, he will finally give his assent to them when he
has made the following experiment. Standing near a column and shutting
each of the eyes in succession, when the right eye is shut, some of those
parts of the column which were previously seen by the right eye on the right
side of the column will not now be seen by the left eye, and when the left
eye is shut, some of those parts which were formerly seen by the left eye on
the left side of the column will not now be seen by the right eye. But when
we, at the same time, open both eyes, both these will be seen, for a greater
part is concealed when we look with either of the two eyes than when we
look with both at the same time.

According to Boring, (History of Experimental Psychology, A, 1957, p.
105), it is to Galen that we owe the first physiological insight into the prob-
lem, for he attempted to explain the singleness of vision by noting that some
of the fibers of the optic nerve cross at the chiasma. Polyak (1957, The
Vertebrate Visual System, p. 82) does not agree that Galen had such knowl-
edge.

Baptista Porta, a Neapolitan physicist, in his On Refraction (published
in 1593), quotes both Euclid and Galen and attempts to explain why we see
a single image of the world instead of a confused double image. Porta theo-
rized that we actually see with one eye and then the other in rapid succes-
sion. The idea is not nearly as foolish as it sounds, since this sort of effect is
similar to what occurs in the well-observed phenomenon called retinal ri-
valry, in which dissimilar images are presented to each eye.

EYEBRALL.
“— OPTIC NERVE-
~——— OFTIC CHIASMA

/( \ #7T~ SYNARSIS

1.2. Optic pathway.
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A TECHNICAL HISTORY OF THE STEREOCINEMA 19

With the coming of the Italian Renaissance, painters suddenly became
concerned with depicting depth. Prior to the fifteenth century, painting in
Europe was primarily used as a means to express religious motifs for church
decorations, but with the Renaissance and the rise of the merchant princes,
painters had new clients to satisfy. The psychologist Kaufman (1974, Sight
and Mind, p. 215) suggests that ““one factor in the development of three-
dimensional space in painting was a need for more adequate and lifelike
representation of those who paid for the paintings . . . painters had to create
lifelike images of their patrons.”

Leonardo da Vinci, one especially well-known figure in the Italian Ren-
aissance, wrote in 1584 in Trattata della Pictura, Sculptura (Wheatstone,
1838. On some remarkable, and hitherto unobserved, phenomenon of Bin-
nocular vision, p. 372), A painting, though conducted with the greatest art,
and finished to the last perfection, both with regard to its contours, its lights,
its shadows, and its colors, can never show a relief equal to that of the
natural objects unless these be viewed at a distance and with a single eye.”
He follows this with an example of looking at a sphere, similar to that of
Euclid’s. '

Leonardo codified the monocular depth cues, among them the rules of
rectilinear perspective, which had been discovered, or invented if you like,
by Renaissance painters. It is instructive to quote Kaufman (p. 218) on this:

Nearly all of the so-called cues to depth were discovered by artists. The
only contribution of psychologists was to formalize the notion that there are
distinctive sources of information about depth; and, as we shall see, they
did not do this very well. It is only in recent years, particularly in the impor-
tant work of James Gibson (1950), that any real progress has been made in
developing what the Renaissance gave us with regard to pictorial cues.

Johannes Kepler was wall-eyed and myopic and suffered from monocu-
lar polyopia (double vision). Kaufman speculates that Kepler’s double vision
might have caused him to wonder whether other people also saw double.
When he realized that this was not the case, he offered as explanation his
projection theory, in 1611. Kepler imagined that mental rays travel outward
from the eyes, in straight lines. Objects would then be perceived as single if
the object point is at the intersection of the two mental rays.

A historian of psychology, Boring (1957), points out that this concept is
similar to that advanced to explain why a pencil, for example, feels like a
single object even when held between, and therefore perceived by, two
fingers. Kaufman holds that Kepler's construct is actually isomorphic with
the modern projection theory of stereopsis. That is, it is structurally identical
and produces the same explanations of phenomena despite the fact that
modern scientists no longer believe in mental rays of light originating from
the eyes, a concept, by the way, that did not begin with Kepler but originat-
ed with the ancient Greek philosophers, the Pythagoreans.
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20 FOUNDATIONS OF THE STEREOSCOPIC CINEMA

Both Porta and Kepler attempted to explain how two-eyed vision be-
comes single. Galen, as has been mentioned, may have been first to recog-
nize that the answer may be physiological, if he truly identified the optic
chiasma with respect to this function. The fibers of each retina cross over at
the chiasma, a phenomenon known as decussation. Actually, only some of
the fibers from each eye cross over (partial decussation). To quote Boring:
““That fact suggests that the projections of the two retinas on the brain by the
nerve fibres are superimposed, and that singleness of vision results when the
brain pattern coincides point-for-point with the other.”” Newton in the eight-
eenth century and Muller, the nineteenth-century psychologist, followed
this view.

It was the Jesuit Francis Aguillon, or Aguilonius as he is usually known,
who in 1613 in his Optics proposed the concept that the horopter, or the
locus of points lying before the eyes, will be seen as single. (Aguilonius
proposed a horopter that was a straight line parallel to a line drawn between
the two eyes.) In other words, retinal images of these objects will have zero

g

1.3. Kepler’s projection theory. Mental rays cross at point a, leading toc percepticn
of a single image. Object at point b will then be seen to be double. The straight
line containing points B and B’ is the horopter of Aguilonius.
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A TECHNICAL HISTORY OF THE STEREOCINEMA 21

disparity. The geometric concept of the horopter made manifest that objects
lying on it will appear single, while objects not on the horopter will appear
double. This concept has been refined by later workers, and their work has
proved influential in stereoscopic transmission theory.

We have seen that various people sought to understand the nature of
binocular vision and that it took two thousand years to properly formulate
the problem. Euclid explained, from a purely geometric point of view, that
we can see slightly more of an object, especially a close object, with two
eyes than with one. Galen gave a physiological explanation for the single-
ness of vision. Porta and Kepler offered psychological theories in an attempt
to explain this singleness of vision, and Aguilonius was the first to realize
that singleness of vision exists not only for the one point in space on which
the eyes converge, but also on a locus of points, or a horopter. As we shall
see, these men set the stage for Wheatstone’s great discovery of stereopsis,
that unique depth sense that arises from the binocular nature of our vision.

THE STEREOSCOPE

Following Aguilonius, writers attempted to understand why doubleness
of vision is not ordinarily seen as such. Doubleness of vision was handled as
if it were a problem, but it was Wheatstone who, using his invention of the
stereoscope in 1833, turned the problem into the solution. In his Contribu-
tions to the Physiology of Vision—Part the First: On some remarkable, and
hitherto unobserved, Phenomena of Binocular Vision (1838), he explained
that doubleness of vision, caused by retinal disparity, actually produced the
depth sensation stereopsis. By using line drawings with ambiguous monocu-
lar depth cues in his stereoscope, he demonstrated that stereopsis, the sense
of depth created by two eyes, existed independently of monocular cues and
that in some fashion the eye-brain was able to synthesize a solid view of the
world out of disparate images. Some of the drawings that Wheatstone made
are reproduced here, and we can only speculate at the pleasure and delight
it must have given him to see two planar perspective representations take on
the aspect of a truly solid body.

Before this, writers simply did not take into account that the minute
differences between the left and right retinal images produced this depth
sensation.

Yet they [Wheatstone wrote (p. 371)] seem to have escaped the attention
of every philosopher and artist who has treated the subject of vision and
perspective. | can ascribe this inattention only to this circumstance, that the
results being contrary to a principle that was generally maintained by opti-
cal writers, viz., that objects can be seen single only when their images fall
on corresponding points of the two retinae. If the consideration ever arose
in their minds, it was hastily discarded, under the conviction that if the
pictures presented to the two eyes are under certain circumstances dissimi-
lar, the differences must be so small that they need not be taken into ac-
count.
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1.4. Wheatstone’s original stereopair drawings. (Wheatstone, 1838)
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Indeed, we have very much the same situation today with stereoscopic
filmmaking, in which the virtually identical left and right frames of motion
picture film together produce such a dramatic sensation of depth.

In 1833, Wheatstone invented the mirror stereoscope, which is made
up of an arrangement of mirrors, as shown here in the original published
drawing. The device is still employed for observing three-dimensional X-
rays too large to be used in the more common form of the stereoscope devel-
oped by Brewster in 1844. In the Wheatstone mirror stereoscope, the pairs
of images are separated and the greater distance from the eyes to the sur-
faces of the images eliminates the need for the lenses to help the eyes focus.

1.5. Wheatstone’s mirror stereoscope. The head is brought up to mirrors A’ and
A, and pictures E’ and E are viewed stereoscopically. (Wheatstone, 1838)
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1.6. Diagrammatic view of mirror stereoscope. This device is still employed for
viewing large stereopairs, such as X-rays. Note that the images must be reversed
left to right, or a mirror image view will result.
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24 FOUNDATIONS OF THE STEREOSCOPIC CINEMA

Brewster’s enclosed stereoscope uses lenses to help the eyes accommo-
date the shorter distance between them and the stereopair. The optics of
Brewster’s stereoscope are interesting. He used a lens cut in half along a
diameter for the left and right lenses. This ensured that left and right optics
would match, and it added a prismatic effect that helped the viewer fuse
stereograms that were often mounted so that conjugate points were further
apart than the interocular.

Brewster’s stereoscope, far more compact and easy to use than Wheat-
stone’s mirror stereoscope, with both images mounted on a single card, sur-
vives in one variation or another in virtually all modern devices such as the
ubiquitous View-Master, which is virtually the spitting image of the creator’s
original device with the exception that circular rather than rectangular cards
are used to mount the stereographs.

Brewster advocated the use of stereopairs mounted side by side on a
single card, of miniature formats, and of transparencies rather than paper
prints. The latter two suggestions did not become popular until the introduc-
tion of the View-Master in 1940, and of the Stereo Realist camera and film
format in 1949, about a century after Brewster’s invention.

Wheatstone could not be accused of being in a rush to publish; it was in
1852, fourteen years after his announced discovery of the stereoscope and
stereopsis, that the Philosophical Transactions of the Royal Society of Lon-
don ran the second and final part of his article dealing with further improve-
ments of the stereoscope, adapting it to a more flexible instrument for psy-
chological research, to photographic stereoscopy, and the invention of the
pseudoscope. As peculiar as it may seem, the stereoscope was invented
before photography.
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1.7. Brewster’s lenticular stereoscope. The hinged flap D is left open when
viewing prints. The design is also readily adaptable for viewing transparencies.
(Brewster, 1856)
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1.8. Diagrammatic view of

Brewster’s stereoscope. The eyes
view pictures through lenses that

| HCTURE_. Z are made from a lens cut in half.

1.9. Gruber’s lenticular
stereoscope. Stereographs in the
form of a circular card are
introduced through a slot. Note
similarity of the View-Master
viewer and Brewster’s design.
{(From U.S. Patent No. 2,511,334)
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Wheatstone had this to say:

It was the beginning of 1839, about six months after the appearance of
my memoir in the Philosophical Transactions, that the photographic art
became known, and soon after, at my request, Mr. Talbot, the inventor, and
Mr. Collen [one of the first cultivators of the art] obligingly prepared for me
stereoscopic Talbotypes of full-size statues, buildings, and even portraits of
living persons.

In the previous paragraph, he wrote,

At the date of the publication of my experiments on binocular vision, the
brilliant photographic discoveries of Talbot, Niepce, and Daguerre, had not
been announced to the world. To illustrate the phenomenon of the stereo-
scope, | could therefore, at that time, only employ drawings made by the
hands of an artist. Mere outline figures, or even shaded perspective draw-
ings of simple objects, do not present much difficulty; but it is evidently
impossible for the most accurate and accomplished artist to delineate, by
the sole aid of his eye, the two projections necessary to form the stereo-
scopic relief of objects as they exist in nature with their delicate differences
of outline, light, and shade. What the hand of the artist was unable to ac-
complish, the chemical action of light, directed by the camera, has enabled
us to effect.

The first stereoscopic photographs were taken with a single camera that
was moved through a distance of about 2% in. for the second exposure.
Brewster can be credited with conceiving the idea of the twin-lens stereo
camera in 1849. For years Brewster attempted to persuade British instrument
makers to produce devices based on his designs. He finally succeeded in
France, where he made an agreement with the firm of Jules Duboscq, a
Parisian optician, in 1850 (Gernsheim, 1956).

But Brewster had his difficulties in France as well, when his representa-
tive, the Abbé Moigno, attempted to obtain endorsements for the stereo-
scope from member of the Section de Physique of the Académie des Sci-
ences. He had incredibly bad luck with the men he visited. Arago, Savat,
Becquerel, and Poillet were all stereoblind and had, respectively, diplopia,
some sort of serious defect in one eye, only one eye, and strabismus. A fifth,
Boit, failed to observe a stereo effect, although no reason is given for his
inability. Finally, Moigno took the stereoscope to another member of the
Académie, Regnault, who fortunately had normal vision. (Linssen, 1972,
and Cornwell-Clyne, 1954; the original source is Clerc’s Photography: The-
ory and Practice.)

Kaufman (1974) estimates that 8% of the population cannot see depth
through the stereoscope. There are individuals who are stereoblind and
those who have various degrees of deficient stereoscopic perception.

If we assume that some one out of twelve members of the population, or
about 8%, have sufficiently anomalous stereoscopic perception to make it
impossible for them to see a stereo view properly through a stereoscope,
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then the chances of meeting five consecutive members of the French Acadé-
mie so afflicted were (1/12)3, or about 4 in 1 million.

The greatest single stroke on behalf of the stereoscope came at the Lon-
don Exhibition in 1851 when Queen Victoria was evidently amused by vari-
ous stereo views. Brewster lost no time in making the queen a gift of an
instrument, and the press made much of this. In the next five years, half a
million stereoscopes were sold, and many Victorian homes were graced
with the device and cabinets stocked with views. The stereoscope became
widespread on this side of the Atlantic, most often in a form designed by the
physician and author Oliver Wendell Holmes, Sr., in 1859. (His son was the
well-known jurist.)

In their day, the stereoscope and stereo views were the equivalent of
television and photojournalism. From the middle of the nineteenth century
and for a decade, followed by a gradual decline, the stereoscope introduced
people to events of the day with the regular issue of up-to-date stereo views
by a number of firms active in the field. In addition to timely subjects, people
enjoyed scenic views, illustrated literature, erotica, and views of popular
personalities. Views were often hand colored.

The stereoscope reached its peak of popularity shortly after Brewster's
successful efforts to exploit it, but by the latter part of the century people
began to lose interest in the medium. After the novelty wore off, they may
have become disenchanted with the system, since it called for observing the
stereopair through the stereoscope, and only one person at a time could look
at a view.

We must remember that there was increasing interest in ordinary pho-
tography; and planar paper prints, which are easier to view and may be seen
by a number of people at the same time, probably seemed almost as good as
the stereograph. Layer (1974) speculates that photomechanical reproduction
introduced in books and magazines at that time was a contributing factor to
the decline of stereoscopy.

Although factors external to the actual technology of stereoscopy itself
might possibly account for the decline, my interest is in technical factors. As
it turns out, system defects are very similar to those that have led to the
modern decline of motion picture stereoscopy, since the psycho-optical cir-
cumstances for viewing stereopairs in a stereoscope are similar to the psy-
cho-optical factors of viewing motion pictures by the polarized-light method
of image selection. In other words, the principles of binocular symmetries
(page 213) apply to both. Viewing stereopairs and stereo movies are optical-
ly similar.

The same sort of abuses that existed in the cinemas of the 1950s also
existed in the parlours of the nineteenth century; in this belief | am support-
ed by Linssen (1952) in his chapter on “‘Stereoscopists and Abuses,” and by
the August 1899 Photo-Miniature (a magazine of photographic information,
as it claimed to be), which related the actual errors themselves. The major
nineteenth-century difficulties seem to have been that the paper prints were
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28 FOUNDATIONS OF THE STEREQSCOPIC CINEMA

improperly mounted, that views were poorly photographed, and that many
firms offered badly constructed stereoscopes.

THE EARLY DAYS OF MOTION PICTURES

After Wheatstone’s publication of the discovery of stereopsis and his
invention of the stereoscope, and following the improvement and popular-
ization of the form by Brewster, a number of scientists began to study with
great zeal the psychology of perception and the physiology of the eye, vis-a-
vis stereopsis. Two such scientists were Helmholtz and Czermak.
Helmholtz, in his Optik, first described moving-image stereo views in gen-
eral and then Czermak’s invention in particular: “‘Revolving stroboscopic
disks may also be inserted in the panorama stereoscope instead of the pic-
tures, and then the moving figures can be seen in their bodily forms.” The
names of these machines are interesting: the stereophantascope, the bio-
scope, the stereophoroscope, and the stereotrope.

The earliest of these devices may well be Czermak’s stereophoroscope,
of 1855. This is Helmholtz’s description of it (1910, p. 357):

He selected the ordinary lens stereoscope in which both pictures are
mounted side-by-side on the same cardboard. These cardboards were at-
tached to the plane faces of a polygonal wooden prism, which could be
revolved around a horizontal axis. Surrounding the prism, and at a distance
of several inches from the pictures, there was a cardboard cylinder with slits
made in it at such intervals as to allow the pictures to be seen at the proper
instants. Beyond this cylinder there was the optical arrangement in Brew-
ster’s stereoscope to enable the observer to look through it and view the
images through the slits as they passed by.

. &
xL;" ;\‘3.\..--.-- TR :j:j:; }
f‘},’g, ) &

J ¥

=3

~a T ;
i( S, A{ —— "Q _ 2
SR By

=

S
|

S SR

1.10. Hymmen’s panoramic stereo views. British Patent No. 24,804 of 1897
shows, among other novelties, this spinning drum and stereoscope for viewing
three-dimensional images.
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Terry Ramsaye (1964) tells us that Coleman Sellers’s Kinematoscope of
1861, almost thirty years before the invention of motion pictures, used a
paddle-wheel arrangement of stereopairs made up of still photographs.
These individual still poses were synthesized into motion when viewed in
“flip-book’” form, and also three-dimensionally through a stereoscope.
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1.11. Sellers’s moving-image stereoscope. In ane version (left), we see flip-type
cards mounted on a drum, to be viewed through a stereoscope hood. It
anticipates later monocular viewing devices for motion pictures. Sellers used
drawings on cards. In another version (right), stereo views are arranged on a belt,
with pivoting hinges.

It is Friese-Greene, the British photographic pioneer, who usually gets
the credit for the first camera that could rightfully be called a stereoscopic
motion picture instrument. It was built in 1889, hard upon the heels of Edi-
son’s invention of the motion picture camera, which unlike the systems
mentioned above used real-time photography of motion instead of drawings
or stills assembled into a movie. Sources often vary by a year or so on dates,
perhaps because it is difficult to know when an invention was actually pub-
licly presented and because a delay of up to several years in the granting of
patents is common. ,

No sooner does any development become public than someone is
bound to combine it with existing systems to create a new and patentable
variation. Given the stereoscope and photography, photographic stereosco-
py must follow. Add the airplane, and aerial stereophotogrammetry will be
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1.12. Friese-Greene’s
stereoscopic camera
film. (1889, reprinted
in George Sadoul,
Histoire Générale du
Cinema, 1948)

po——

1.13. Dickson’s stereoscopic movie camera. Figure 4 shows a diagrammatic view
of how the optical system functioned. Lenses saw at right angles to their axes with
prisms separated by distance y. Although this British patent was applied for in
1893, it was not granted until 1899.
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developed. So, given the invention of motion pictures, stereoscopic motion
pictures are similarly inevitable. Who did it first is not nearly as important as
who did it well encugh to make the medium useful. Usually this is the result
of the work of many people, over a period of years, involving a synergetic
interdisciplinary combination.

The Friese-Greene invention, no matter how lovely the mahogany
woodwork of the camera (Smith, 1977), used a peculiar and unworkable
film format, and the only means for viewing at that time must have been
through a stereoscope. But those working in an individual field, one sup-
poses, ought to have knowledge of other workers’ efforts, and although
Friese-Greene’s invention was never used on a commercial basis, it proba-
bly influenced subsequent inventions. Friese-Greene’s was the first camera
to combine both left and right images of a stereopair onto a single band of
motion picture film.

At about this time Edison and his erstwhile assistant Dickson filed pat-
ent applications for stereoscopic motion picture cameras. Edison discussed
such a camera in his abandoned patent application No. 403,535 (Ramsaye,
1964) in 1891, and Dickson applied for a stereocamera in British Patent No.
6,794 in 1893.

THE ANAGLYPH AND ECLIPSE SYSTEMS

But these interesting developments were suitable only for viewing in
conjunction with a stereoscope, which is entirely in keeping with Edison’s
concept of the cinema as “peep show.”

We should also consider related inventions in the area of the projection
of slides. Two-lens dissolving-type magic lantern projectors were confusing-
ly known at this time as stereopticons. The term denotes devices for planar
projection purposes. Both the eclipsing shutter method and the anaglyph
method for viewing stereo slides were shown in 1858. In the eclipse tech-
nique shutters are placed in front of both left and right projection lenses and
shutters are used in the spectacles worn by the audience. When the left
shutter is opened at the projector, the left is opened at the viewing device,
and so on. In this way the observer sees only the image meant for the appro-
priate eye.

The anaglyph, proposed by D’Almeida (in one form at least) in 1858,
used complementary-colored filters over the left and right lenses to superim-
pose both images on a screen. Viewing devices with red and green lenses
separated the images and selected the appropriate view for each eye. Ac-
cording to Helmholtz, D’ Almeida was preceded in 1853 by Rollmann, who
first demonstrated the principle using red and blue lines on a black back-
ground and red and blue glass goggles to view the effect.

Du Hauron, the pioneer inventor of color photographic systems in
1891, first proposed a method for combining left and right images on a
single print. Although meant for still paper prints, the idea has obvious appli-
cations for motion picture work, since a combined print eliminates the need
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to project with two lenses or, in some cases, two machines.

Both the eclipse and the anaglyph methods were commercially em-
ployed in the early 1920s. Inventor Laurens Hammond'’s eclipse system,
using individual viewers mounted to theater seats, was introduced by Tele-
view in 1922 and received fairly good reviews in the press (New York Times,
December 28, 1922). Projector and analyzer motors were run off the same
alternating current, keeping their shutters in synchronization.

Whatever its merits, the eclipse system has the crippling defect of not
being able to present left and right images to the corresponding eyes essen-
tially simultaneously. It is important that this be the case for any stereoscopic
motion picture system, for if it is not, peculiar visual effects result from the
introduction of spurious temporal parallax. This blurred or rippling or gelati-
nous effect is seriously disturbing for rapidly moving objects, but it presents
difficulty even with the blinking of an eye or the movement of lips. The
eclipse system will work for slide presentations; but once movement is intro-
duced, the impossibility of simultaneous left and right images probably rules
out the system.

Although the Fairall anaglyph system, presented by Multicolor, Ltd., in
1923, did not suffer from this defect, anaglyphs do create eyestrain for many
people. Since color coding is the basis of image selection, color photogra-
phy is ruled out, while Hammond's approach allowed full-color cinematog-
raphy. Nevertheless, the eclipse system has not been used for commercially
exhibited motion pictures since that time, whereas anaglyphic presentations
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1.14. Hammond’s eclipse system. Projectors (upper left) have occluding shutter
blades that run in synchronization with similar devices mounted on each seat.
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are unfortunately with us to this day. Whatever their defects, anaglyphs can
be projected without any modification to equipment, and it is not necessary
for everyone in the house to have a motorized viewing device.

A similar anaglyph system was used for the Plastigram films which were
produced by J. F. Leventhal and were theatrically distributed with success
between 1921 and 1924.

In 1936 and 1937, commercially successful anaglyphic motion picture
shorts were distributed by MGM. These were shot for them by Leventhal and
John Norling under the series title Audioscopiks. MGM also presented in
1941 a comedy called Third-Dimension Murder, shot with the studio’s cam-
era. Early two-color processes lent themselves to the making of anaglyphic
prints. In the case of the Fairall process, one side of duplitized stock was
printed with red and the other with blue images. Today any black-and-white
stereoscopic film can be converted to an anaglyph by successive passes
through a printer onto color stock, with left and right images illuminated
through appropriate color filters. The economy and simplicity of the system,
so easily compatible with existing laboratory and projection practices, re-
mains attractive, but the results rarely warrant the effort.

POLARIZED-LIGHT IMAGE SELECTION

A number of interesting ways of producing polarized light have been
suggested and used, including birefringent crystals called Iceland spar or
nicol prisms, and a device called *’piles-of-plates,”” which uses a sandwich
of glass plates. Compared with sheet polarizers, these methods are incon-
venient and costly and have optical limitations. Sheet polarizers may also be
used for a wide cone of illumination, whereas nicol prisms have a restricted
angle of view. Sheet polarizers are lightweight and fairly rugged, can be cut
to shape, are essentially neutral in color, and are very inexpensive compared
with alternatives.

Sheet polarizers were first discovered in Britain in 1852 by William Bird
Herapath (Linssen, 1952). One of his students produced crystals ‘“formed by
accident in a bottle containing a large quantity of the mixed disulphates of
quinine and cinchonine.” Herapathite sheet polarizers were commercially
available for much of the nineteenth century but were reportedly of very
poor quality and in very small sizes. In 1928, Edwin H. Land, of what is now
the Polaroid Corporation, took out his first patents based on improvements
of Herapath’s work. At this time, or shortly thereafter, Bernauer, a researcher
with Zeiss, in Germany, and Marks, in the United States, invented similar
filters.

Anderton, in his American patent of 1891 (No. 542,321), first suggested
the use of polarized light for image selection for stereoscopic projection.
Although he did not rule it out, he did not specify Herapathite. He does
mention the nicol prism and the piles-of-plates devices. By implication, this
does not speak well for the quality of Herapathite.
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34 FOUNDATIONS OF THE STEREOSCOPIC CINEMA

It was not until 1935, when Land showed stereoscopic films to the Soci-
ety of Motion Picture Engineers in Washington, D.C., that a successful pub-
lic demonstration of sheet polarizers in this context was given, according to
Ryan (Quigley; 1953). Ryan also tells us that ““their [Land and his associate,
Wheelwright] first laboratory being a rural dairy building with few technical

(No Madel.) 2 Sheets—8heet 1.
J. ANDERTGN.
METHOD BY WHICH PICTURES PROJECTED UPON SCREENS BY MAGIC
LANTERNS ARE SEEN IN RELIEF.

No. 542,321, Patented July 9, 1896,
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1.15. Anderton’s polarized light system. Shown here in the U.S. patent drawings
of 1895, it provides the basis for modern three-dimensional projection. The
significant improvement came forty years later with the perfection of the sheet
polarizer. Figures 1 and 2 show projector polarizers, at right angles to each other,
made up of a ““thin bundle of glass plates.” A similar arrangement used for
viewing glasses is shown in Figure 3. Anderton also specified a nondepolarizing
screen.
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1.16. Applications for sheet polarizers. Land patented a method for dimming on-
coming polarized automobile headlights, when viewed through a polarized
windshield (top). Also shown (bottom) is the modern method for viewing
stereoscopic movies using sheet polarizers for image selection.
Feb. 25, 1947, E. H. LAND 2,416,528

COMBINED TICKET STRIP AND VIBWING VISOR
Filed March 13, 1942
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1.17. Combined ticket and viewer. Land is a prolific inventor, and this logical but
somehow goofy patent of 1947 describes a technique for simplifying ticket sales
and selection device distribution. The viewers have no temples.
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36 FOUNDATIONS OF THE STEREOSCOPIC CINEMA

facilities, these films [early Kodacolor] were developed, by an intricate re-
versal process, by Wheelwright while locked in the icebox, the only dark-
room available!”’ ’

Polarized light, as a method for image selection, will be discussed more
fully on page 80.

NORLING AND SPOTTISWOODE

In 1939, a stereoscopic film using the polarized-light method of image
selection was commissioned by the Chrysler Corporation for the New York
World’s Fair. The film, produced by John A. Norling and using stop-motion
animation, showed the building of a car. He used a dual camera-projector
system, and the presentation more or less established the system that would
be employed commercially for many years to come. Double camerarigs like
Norling’s avoided the great research and development costs that would have
been incurred in the creation of a single-band system, and they achieved
production and distribution economies by sticking to existing hardware and
production systems. Essentially, everything was simply doubled up.

In 1951, the Telekinema, a special 400-person theater constructed for
the Festival of Britain, used this double-band approach. it was specially de-
signed for stereoscopic projection, and several films were commissioned for
it and played to well-attended houses in 1951. Under the directorship of

16 i half-silvered

'50/]2 13 mirror
\m :

1.18. The Ramsdell camera. An interesting design that can allow for very low
values of interaxial separation. The semisilvered mirror will result in a light loss of
about a stop.
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Raymond Spottiswoode, the Telekinema helped to popularize the stereo-
scopic medium, specifically that employing polarized light for image selec-
tion. Two animated films (Around Is Around and Now Is the Time) were
made by Norman McLaren of the Canadian Film Board, and live-action sub-
jects were also presented on the program, one of which (London Tribute)
was shot in black and white at the London Zoo with a camera designed by
Leslie Dudley (British Patent No. 17.086150), based on the Ramsdell still
camera. The lack of availability of integral tripack color stock, like modern
Eastman Color, prevented the production from being shot in color, since the
bulky Technicolor machines were not used by Dudley. However, the Tech-
nicolor Company modified a pair of their cameras so that color film was shot
of the River Thames (Royal River). The film was photographed mostly in
long shots, from a floating platform. The size of the machines prevented the
interaxial distance from being less than 9.5 inches, but comparatively few of
those responding to an audience questionnaire noticed any distortion (Spot-
tiswoode, 1953).

BEFORE THE BOOM

Land and others had attempted to interest people in the theatrical film
industry in the polarization method of image selection for some time, but
without any direct success. It took a combination of factors from within and
without the film industry in the early 1950s to finally convince the moguls
that stereoscopic filmmaking was a good way to get people back into the
neighborhood theaters.

Between 1946 and 1952, weekly attendance in American theatrical

cinemas had dropped by nearly half, from 82.4 million to 46 million. There

were rumors in 1952 that the studios were headed for major corporate
shake-ups, and that labor cutbacks were in the offing. The inquiry, or witch
hunt, of the House Committee on Un-American Activities into Communist
infiltration into Hollywood had put a dent into some of the finest creative
talent in the industry, but it was the growing popularity of television that was
blamed for declining audiences. Things looked grim for Hollywood, and
something was needed to save the day. Obviously that something was spec-
tacle, as the Roman emperors had learned twenty centuries before.

To an outsider the introduction of Ansco Color and subsequently East-
man Color materials would hardly seem to be of earth-shaking importance
to the Hollywood film industry. Yet these color films directly paved the way
for Cinemascope, Cinerama, and the dual-camera projector system of stere-
oscopic films. Any studio camera could now become a color camera when
loaded with one of these new integral tripack films. Before the early 1950s, a
producer who wanted first-rate color had to use one of the monstrously large
Technicolor machines, actually three cameras built into one unit. Now mul-
tiple combinations of studio cameras for the panoramic Cinerama or the
stereoscopic Natural Vision became more manageable. It is doubtful that
these systems would have been tried with the old Technicolor rig.
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38 FOUNDATIONS OF THE STEREOSCOPIC CINEMA

On September 30, 1952, This Is Cinerama opened at New York’s
Broadway Theatre and played to record attendance. Essentially a triptych
process similar to that used by Gance in his 1927 Polyvision effort, Napo-
leon, Cinerama-used a triple array of cameras and projectors in an attempt to
boggle the mind with the sweep of its screen. It relied on travelogue specta-
cle rather than dramatic elements.

On November 27, 1952, the first American feature film to be made in
color and 3-D, in the Natural Vision process, Bwana Devil, was shown in
Los Angeles. In one week at this single theater, Bwana Devil grossed
$100,000. The scramble was on. The studios, shown the way from indepen-
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1.19. This is Cinerama. Three cameras and three projectors, plus sound
equipment, were synchronized for presentations on large, curved screens.
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1.20. Natural vision camera. On the set filming House of Wax. (Gunzberg, "'The
Story of Natural Vision,” American Cinematographer, Volume 34:534-5, 1953.
Reprinted by permission.)

dent producers, wanted a piece of the action. Since Bwana Devil was pro-
moted as the first stereoscopic feature film, it's important to note the priority
of the German effort, You Can Almost Touch It (Zum Greifen Nah), which
was shot in the Zeiss single-band process invented by Boehner and pre-
miered at the Berlin Ufa Palast Theater on May 27, 1937.

The Gunzburg brothers, Milton and Julian—a script writer and an eye
surgeon—with the help of cinematographer Friend Baker, put together a rig
made up of two Mitchell cameras after the fashion of Dudley’s device pre-
pared for the Festival of Britain. After unsuccessfully approaching the ma-
jors, the Gunzburgs finally persuaded independent producer Arch Obler, of
““Lights Out”’ radio fame, to use their stereoscopic process for his film Bwana
Devil. The rest, as they say, is history. The box office success of Bwana Devil
had to be explained in terms of 3-D, and only 3-D, since the film had little
merit. :

Industry decision makers thought history was repeating itself, and they
did not want to be unprepared, as they been had at the end of the silent era.
The instantaneous stereo craze created a technological revolution, and once
again the studios were virtually asleep. According to Gavin (American Cine-
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40 FOUNDATIONS OF THE STEREOSCOPIC CINEMA

matographer, March 1953), only one studio, Paramount, had a 3-D rig on
hand, made years before.

In such a year, the studios made about three hundred films. In 1953
about forty-five films were released in 3-D, with another twenty in 1954
(Limbacher, 1968). Clearly a conversion to stereo was in progress in 1953,
or at least the studios were flirting with the possibility. One of the reasons
usually offered to explain the rapid decline of the stereo film—the boom
lasted no more than nine months—is that the films were of low quality, and
exploitation films at that. Hollywood has always made exploitation films,
exploiting stars, fads, or gimmicks, and it was to be expected that three-
dimensional films would be handled in the worst possible taste. Many dis-
tasteful objects were hurled out of the screen at the audience.

Even a bleary-eyed examination of the films shows a number of “A” 3-
D pictures, including Kiss Me Kate, Dial M for Murder, Hondo, and Miss
Sadie Thompson. (Fortunately for the author, there are theaters in the San
Francisco Bay Area that frequently play stereoscopic films.) These would
probably pass muster, although they were projected flat for most bookings
because of the public’s antipathy to 3-D by the time they were released. But
good work was also done in “B” films such as Creature from the Black
Lagoon and House of Wax. Stereo films were not any worse than the flat
product, and they were made up of the same mixture of good and bad that
Hollywood has always turned out.
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The decline and fall of the stereo film can be attributed to problems in
the shooting rigs themselves, a lack of stereoscopic photographic experience
on the part of otherwise expert technical crews and cinematographers, in-
adequate quality control in the laboratories, a system of projection not
matched to the abilities of normal human projectionists, and penny-pinch-
ing exhibitor practices. It all added up to headaches, eyestrain, and the de-
mise of 3-D movies in under a year. Although Hollywood remains open to a
good stereoscopic process, the memory still smarts, despite the many mil-
lions the stereoscopic films made.

Let us start with the shooting rigs themselves. A number of basically
similar schemes were developed, usually involving two studio cameras
mounted on a single lathelike base. Some rigs, such as the Gunzburgs’ set-
up, used cameras facing each other shooting into mirrors. Another, the Fox
unit, used two cameras set at right angles, one camera shooting the subject’s
image reflected by a semisilvered mirror, with the other shooting through a
mirror. The Universal stereo camera used two machines mounted side by
side, but one upside down, to obtain the necessary short interaxial distances.

RKO had an agreement to use the services of John A. Norling and a
stereoscopic camera of his design, which appears to have been the most
sophisticated and advanced machine of its time. In fact, the Norling camera
(patent No. 2,753,774) remains a very interesting stereoscopic camera for
feature film production and appears to be the precursor of the Soviet Stereo

1.21. Posters from the boom. (Gunzberg,
“The Story of Natural Vision,” American
Cinematographer, Volume 34:554—6,
1953. Reprinted by permission.)
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42 FOUNDATIONS OF THE STEREOSCOPIC CINEMA

70 camera. Essentially a 70mm camera itself, the Norling machine used two
35mm rolls of stock, immediately adjacent to each other, exposed through
two side by side apertures. Lenses of various focal lengths featured continu-
ously variable.interaxial separation using a periscope-type device that main-
tained image orientation through a range of rotation. Unlike all other stereo
cameras of the time, jury-rigged from existing machines, the Norling device
was engineered from the ground up and appeared to be less bulky or awk-
ward to operate. At present, the Norling camera is owned by Stereovision
International.

In passing, let us note that a similar camera was used by Frederic
Eugene Ives from 1900 to 1905, with lenses set at a fixed interaxial distance
of 1.75 in. Twin 200-ft magazines were mounted within the camera body,
according to Norling (Quigley, 1953).

Nine features were shot with the Natural Vision rig (Gunzburg, 1953),
including all of Warner Brothers’ efforts. The minimum interaxial distance
for this unit was 3% in. (about 90 mm). My tests have convinced me that this
separation for many focal lengths and subject-to-camera distances produces

July 10, 1956 J. A NORLING 2,753,774
STEREQSCOPIC CAMERA
Filed Feb. 12, 1953 2 Sheets-Sheot 1

1.22. The Norling Camera. First page of the drawings of the 1956 patent. Figures
1 and 2 show front and side views of the camera, and Figures 3 and 4 show how
lenses (23 and 23’) can be adjusted for interaxial separation.
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1.23. Chris Condon, optical designer. Condon shown here with two camera
systems he did not design, the Norling (left) and the Dunning (right). His
company, Future Dimensions, offers these machines to the film industry. They are

of very similar design.

1.24. Front of the Dunning camera. Lens turret with three focal lengths mounted
in place with fixed 1.5-in. interaxial. As with the Norling camera, left and right
images are exposed on adjacent rolls of 35mm film. Originally designed as a
color camera, it makes more sense as a 3-D machine. Many of the early color

motion picture devices are similar to 3-D designs. * See errata list
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eyestrain in many viewers because of the resulting large values for screen
parallaxes. Many situations call for photography that is better accomplished
at interaxials equal to or less than the nominal 2% in. (about 65 mm) accept-
ed as the human interocular. However, a case can be made for using a fixed
3.5-in. interaxial setting for studio photography. Usually focal lengths
greater than the diagonal of the format are employed, with correspondingly
greater distances from camera to subject. Given these longer focal lengths
and longer subject-to-camera distances, the somewhat expanded interaxial
setting can provide natural-appearing photography with adequate depth
range (see page 190 for an explanation of depth range).

Films that | had an opportunity to view (photographed with a number of
rigs) often showed recentration of optics for closeups or for certain focal
lengths; that is, there was a shift in the position of the optical axes of the
taking lenses resulting in spurious screen parallaxes, the most serious being
the addition of vertical parallaxes. If one image point is shifted upwards with
respect to the other by even very small values (more than 0.2°), the attempt
at fusion results in an upward sheering of one eye with respect to the other.
For most people this muscular effort causes eyestrain.

There are appreciable differences between planar and stereo photogra-
phy, and cinematographers in Hollywood in the 1950s had little or no expe-
rience with stereoscopic work. It is unfair to expect anyone to do good work
in a medium without some practice, yet this is exactly what the studios
expected of their cameramen. Several shooting systems were devised to
guide the cinematographer. One was published by Spottiswoode and Spot-
tiswoode, another by Hill in the form of a calculator offered by the Motion
Picture Research Council, and another in the form of charts and graphs by
Levonian. My work with all three has convinced me that the cinematog-
rapher would have been better off without such help.

The laboratory’s part in all this is crucial. Timing and processing for the
left and right prints must be precisely the same, or one dark and one light
print can result. Even small differences between left and right image illumi-
nation strain the eye.

A number of serious errors can take place in the projection booth. Focal
lengths of both projection lenses have to be matched to within the required
0.5%. This was not always done. If both arcs do not receive the same amper-
age, the images will have unmatched illumination. The projectionist must be
on guard for shifted framelines to correct for vertical parallax. Although the
projectors were electrically interlocked to keep them in sync, the shutters
also must be substantially in phase (opening and closing together), a condi-
tion not automatically guaranteed with the equipment employed. The Polar-
oid Corporation did a study of a hundred theaters showing stereo films in
1953 (Jones and Schurcliff, 1954) and found that twenty-five of them had
images enough out of synchronization to be disturbing.

Five to 10% of the population cannot see stereo, and up to another 10%
have anomalous stereo perception. These figures may seem discouraging,
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but the fact that there are tone-deaf people has not diminished activity on
the part of musicians. The real problem here is that projectionists with
anomalous stereo vision might set their equipment to match the needs of
their eyes while producing strain in just about everyone else in the theater.

Next we come to the exhibitor, who sometimes sought to save money
and wound up helping to kill stereo. Sprayed screens usually cannot do the
job that aluminum-surfaced ones can do. Screens painted with pigment usu-
ally have much higher ghosting, or spurious images, or left and right image
cross-talk, than screens coated with aluminum. Nor are they as bright, and
they tend to have hot spots. Distributors sought further to save pennies on
stereoglasses of inferior quality. Nothing could be more foolish than to have

Jan. 13, 1959 A. W. TONDREAU 2,868,065

STEREOSCOPIC CAMERA SYSTEM

Filed May 11, 1953 5§ Sheets-Sheet 1
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1.25. The Tondreau camera for Warner Brothers. Cameras at right angles, one
seeing into a mirror.
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patrons looking at the show through second-rate optics, but this was done.
The glasses are often singled cut as the greatest drawback to public accept-
ance of stereo films. But | believe they became the scapegoat of the medium,
taking the blame for the difficulties | have enumerated, although it is perfect-
ly obvious that they are an encumbrance, especially for people who already
wear glasses.

Given all of these difficulties, which quite literally add up to a big head-
ache, it is not hard to understand why the studios, distributors, exhibitors,
and, most important, the public preferred the major alternative to 3-D:
““scope,” or in its initial personification, Twentieth Century-Fox’s Cinema-
Scope—perhaps the first word in the English language with a middle letter
capitalized. The first CinemaScope film, The Robe, opened on September
16, 1953, at the Roxy Theater in New York.

Despite the claims in the advertisements | knew even as a thirteen-year-
old that CinemaScope was not 3-D without glasses. But there was a special
thrill in watching the curtain open to twice normal width and listening to the
blare of the Fox fanfare while the logo showed carbon arcs scanning the
Hollywood skies in search of a new gimmick.

The technical problems of anamorphic or wide-screen cinematography
are trivial compared to those of stereoscopic cinematography. That is not to
say that there are not technical challenges. But it is far easier to show a film
through an anamorphic lens or to crop off the top and bottom of the frame to
obtain a wide-aspect ratio than it is to produce and present stereoscopic
films. While public complaints may have centered on the stereoglasses, peo-
ple in the industry must have had a clearer view of the difficulties, and they
took the course of least resistance, opting for a wider aspect ratio.

After 1954, comparatively few films had been shot stereoscopically,
and the saving grace of those that had been, from the distributor’s point of
view, was that, by showing one band of the two-band process, a planar
version of the film could be shown.

The double-band system could have been made to work in road-show
presentations (that is, in first-run houses in major cities where extraordinary
care is taken with the projected image). Cinerama required three projection-
ists one at each machine, a soundman to run the interlocked multichannel
magnetic playback unit, and a specialist in the house itself who corrected for
deficiencies in synchronization among portions of the triptych and sound.

The projection of double-band stereoscopic films is no less difficult to
achieve successfully, as | have learned from conversations with two projec-
tionists who were operators in San Francisco theaters in the 1950s and from
the literature, which includes instruction books sent with the prints.

Quite obviously there was a great incentive to play stereoscopic films in
neighborhood as well as road-show houses. CinemaScope, the poor man’s
Cinerama, as it was dubbed, had the great virtue of being adaptable to any
theater. Cinerama could only be shown in a special house with special care.
Probably the great difficulty with the double-band system is that it was at-
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tempted in neighborhood theaters, when it should have been saved for the-
aters that had been specially equipped and staffed.

In an effort to do away with the problems of double-band stereo, Nord
and also Dudley in 1953 showed single-band systems, following the vertical
similar sense rotation scheme shown in the illustration. Although Columbia
adopted the Nord system and encouraged its use, it did not succeed.

In the early 1950s, several single-band systems were also offered for the
amateur enthusiast. Bolex and Elgeet manufactured similar dual-lens optics,
and Nord produced a prismatic converter lens meant to be mounted before
the taking and projection lenses. The Bolex unit, to be used with their 16mm
camera, was a remarkably good performer, although it suffered from an
awkward vertical format. Today these camera and projector optics are
sought by collectors and enthusiasts.
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1.26. Paillard projector lens design. Two lenses mounted in one barrel.
(Paillard, 1953)

There is also a tradition of amateurs and others concocting their own
dual camera and projector stereo systems, just as | did. Accounts of these
workers, who experimented with small format cinematography, can be
found in the 1953 volume of American Cinematographer.

Bernier in 1966 produced a single-band system (Space Vision, U.S. Pat-
ent No. 3,531,191), splitting a full 35mm frame into halves with a horizontal
separation. This results in what is known as two Techniscope frames, with
the usual scope-aspect ratio. Others, such as Condon, Marks, Findlay, and
Symmes, have shown similar systems. The Bernier system has the distinction
of having been the first used to shoot feature films, such as The Bubble
(1966) and Andy Warhol’s Frankenstein (1974). In 1981 Condon’s optics
were used for two features, Rottweiler (under the Future Dimensions mark)
and Parasite (under the Stereovision mark).

It is difficult to analyze which portion of a system has gone wrong when
viewing the end product, but it is evident that only the synchronization
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Sept. 29, 1970 R. V. BERNIER 3,531,191
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problem has been successfully solved with Bernier's over-and-under or
stacked-format approach. Photography and projection have been abomina-
ble, and the situation is aggravated because only one focal length (32mm)
and one interaxial setting (65mm) are available. Despite the fact that the
Bernier optics are rarely put to good use, | believe they are of high quality.

One of the most financially successful stereoscopic films in recent years
was shot for about $100,000. The Stewardesses, a silly, softcore porno-
graphic film, was released in 1969 and grossed $26,000,000. The format
design positioned two frames side by side on a single band of 35mm. |
suffered severe eyestrain after a few minutes of trying to view the film, al-
though some other patrons seemed to have a better time of it—or maybe
they were just more determined to look at the screen.

The middle and late 1970s experienced scattered stereoscopic motion
picture activity. Only a handful of newly produced stereoscopic films have
actually made their way into theaters. Some of these have been the inevita-
ble sexploitation, horror, and ultra-violent films, in technically inferior sin-
gle-band systems. | have attended revivals of dual-band 1950s films in
Berkeley and San Francisco. Audience reaction was enthusiastic.

THE SOVIET STEREOCINEMA

Many major contributions to stereoscopy have come from the West, as
has been reflected in this account. However, since 1940 the Soviets have
embarked on a steady program of developing a stereoscopic cinema, and,
with the exception of the war years, have made at least one stereo film
(shorts and features) every year.

The history of the Soviet stereocinema is closely tied to developments in
the field of autostereoscopy (see page 69). In recent years, | am told by two
visitors to the Soviet Union, the autostereoscopic system has been com-
pletely replaced by the polarized-light method of image selection. Appar-
ently audiences prefer to wear stereoglasses and see a decently sharp and
bright image rather than a blurry and dim image autostereoscopically. The
glasses employed are very high-grade instruments, using glass filters, manu-
factured by Zeiss Jena in East Germany. Patrons return the glasses and they
are used for subsequent screenings.

At present the Soviets employ their Stereo 70 system, which uses a
70mm camera and projector. The system was developed by NIKFI, the Mo-
tion Picture and Photography Scientific Research Institute, and is certainly
the most complete stereoscopic filmmaking system.

Essentially, two 35mm frames are photographed side by side on a single
70mm band of film, and twin optics are used for projection. Full details of
the system are given in a paper by Ousjannikova and Slabova (1975), which
I will discuss in Chapter 5. A similar camera and projection system was
developed in 1972 by Stereovision of Burbank, California, and is compatible
with the Soviet effort.
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What the Russians have done is a straightforward job of design, produc-
ing a system that ought to give a good, bright image of very high quality. In
addition, the usual six-channel stereophonic sound available with 70mm is
incorporated. Screenings are wisely confined to relatively small theaters,
and the aspect ratio employed is 1.33:1.

A 70mm system was also developed in Europe by Jacobsen (U.S. Patent
Nos. 3, 425, 775 and 3, 433, 561) that photographs anamorphically
squeezed images side by side on 65mm camera stock for wide-aspect ratio
projection. Several films were produced in the early 1970s, such as Lieb im
3-D, and Frankenstein’s Bloody Terror.

THE UNITED ARTISTS SYSTEM

In November 1978 and January 1979, | witnessed early tests of a system
developed by United Artists Theater Circuit, using interlocked 70mm cam-
eras and projectors. The images were projected on a screen nearly fifty feet
wide at the United Artists Theater in Pasadena, California. If properly used,
this system promises to produce very high-quality three-dimensional motion
picture images. The 70mm cameras, similar to the Fox rig of 1954, face at
right angles to each other, shooting into a semisilvered mirror. Lenses with a
wide range of focal lengths and variable interaxial settings from zero to 4
inches have been provided.

This system is meant only for road-show presentations, or first-run, spe-
cially equipped and staffed houses. A return to double-system under such
circumstances, reminiscent of the effort it took to present early three-projec-
tor Cinerama, could be made to work. it is important to point out that such a
system cannot be considered for neighborhood houses, where a solution
employing single-band projection must be found. (However, film shot with
the system can be optically printed into a single band of film.)

WED enterprises, a subsidiary of Walt Disney Productions, is producing
a short 3-D film for the Kodak Pavilion at the EPOCT Center at Disney World
in Florida. The system, designed and built by Disney, uses interlocked
65mm cameras and 70mm projectors, just like the UATC system. The film
will be projected on a 54-by-22 foot screen.

The hopes for a stereoscopic filmmaking revival depend upon the suc-
cess of two single-system films, using the over-and-under format. The sum-
mer of 1981 saw the Filmways release of a western shot in Spain, titled
Comin’ at Ya. Production values were low, the acting was terrible, the dia-
logue moronic, the stereoscopic process, Optrix, was an optical catastrophe,
and the filmmakers attempted to place every shot behind the heads of the
audience. The stereoscopic system suffers from left and right images of une-
qual sharpness, severe vertical parallax, and strange watermark-like spots
hovering in one or the other image field.

The film has apparently been doing good business, and for that reason
many major studios and producers are considering employing the three-
dimensional medium. The situation brings to mind Bwana Devil.
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Hollywood insiders are awaiting the release of the first quality stereo-
scopic feature shot in the United States in twenty-five years, Rottweiler from
the E.O. Corporation. My company, Future Dimensions, supplied the three-
dimensional system, and | worked on the film in the summer of 1981 as
stereographer. | am certainly not unbiased, but this is one of the best shot
stereoscopic films ever produced. Its performance in the market place will
be keenly observed.

THE INDEPENDENT STEREOCINEMA

At just about the same time that the commercial stereo boom was taking
place, there was also activity on the part of independent film artists. Dwinell
Grant preceded the boom of the early 1950s, having received a Guggen-
heim grant in 1945 to pursue his Composition #4. The animated image
pairs were printed, or shot, side by side on a single band of film to be pro-
jected with a prismatic attachment. Although shot in color, the original cam-
era film has decomposed, and a print in black and white is now available
from the Anthology Film Archives in New York.

On January 11, 1977, the Pacific Film Archive at the University of Cali-
fornia in Berkeley presented a program that included Grant’s film and the
work of other animators who had pursued the stereoscopic medium. The
program was put together by William Moritz, a poet and filmmaker who has
been working in binocular forms exploiting retinal rivalry.

Grant's severely abstract film was followed by Norman MclLaren’s pre-
viously mentioned Now Is the Time and Around Is Around (both 1950).
Prints had been supplied by Harold Layer of San Francisco State College,
who managed to secure copies from the National Film Board. Projection
was extremely good, using interlocked 16mm machines. The stereo effects
were fun, but the graphics seemed terribly dated.

It is impossible to comment in detail on any of the other films on the
program, since difficulties in projection made them unviewable. Oskar
Fischinger’'s Stereo Film (1952) was obviously meant to be projected in a
parallel-lens-axes system, unlike Mclaren’s, which is a crossed-lens-axes
film, as are practically all modern efforts. However, no adjustment was
made in projection for this different standard, so that Fischinger’s stereopairs
became unfusable. The short film was prepared as part of an application for
funding that was not forthcoming.

Harry Smith’s Film #6 (1952) was meant to be viewed anaglyphically,
but red and green glasses were not presented to the audience, so | can only
guess at the possible effects.

Hy Hirsh’s Come Closer (1952) was also improperly projected, so no
comments are possible. (The projectionists did the best they could. | believe
there were no instructions with the films.)

Moritz’s experiments in retinal rivalry, in Allee and Hot Flashes (1970),
were also shown at the Pacific Film Archive and | found that these invited
fusion because the left and right fields were so similar. In my binocular
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“rivalry”” work | have presented totally dissimilar left and right films, linked
only thematically, not visually, so that attempts at fusion, which in such a
case will probably cause eyestrain, is avoided.

Other independents have worked in the stereoscopic medium, and be-
cause of projection difficulties these films are rarely seen. Ken Jacobs has
performed stereo shows using shadow forms of rear-projected anaglyphs
and has also exploited the Pulfrich phenomenon by equipping audience
members with neutral-density monocles.

Standish Lawder has shown me his elaborate 35mm dual-band system
using optical positioning equipment and digital-control circuitry, but at the
time of writing | have seen no footage shot with this promising system.

It has been one of my major intentions in writing this book to make the
fundamental principles of the medium available to the filmmaking commu-
nity in general, and especially to the independent film artist. The opportuni-
ties for exploration of the binocular cinema are literally limitless, since so
little work has been done. The specific kind of double-band system | worked
with in the course of this study could be assembled rapidly at relatively low
cost by a skilled filmmaker. it is my hope that film artists will take up the call
and go to work making curious and beautiful films in this, the binocular
cinema.
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chapter 2

Stereopsis and
Stereoscopy

I will discuss many of the basic facts about stereopsis and stereoscopy here
in an effort to give the reader some foundation in the physics, psychology,
and physiology of binocular vision and in the depth sense, stereopsis. | will
also make an attempt to relate stereopsis to stereoscopy, or the art of photo-
graphing binocularly three-dimensional images. Stereoscopic systems will
be classified, and some of the basic facts about transmitting such informa-
tion will be given. Discussion of the work of Gibson should provide a path-
way between stereopsis and stereoscopy, so that the reader will gain some
further insight into the difference between perception of the visual world
and perception of a transmitted stereoscopic image. Finally, I will discuss
polarized light and its applications to stereoscopy. The primary display tech-
nique assumed in this book is the polarized-light method of image selection.

DEPTH CUES

All filmmaking is three-dimensional in the sense that motion pictures
provide many cues to depth that also help us perceive the visual world.
Certainly planar films depict a three-dimensional world, and observers rare-
ly feel that anything is missing. Space, as it is depicted, seems full, and the
images appear to be real and lifelike. The actors quite clearly are not part of
the background, but separate from it; they are rounded, not flat, and they
look like the human beings we see every day.

These planar films lack only one depth cue, since all the other psycho-
logical depth cues can be perceived on a flat screen. Stereopsis, sometimes
called binocular stereopsis to emphasize the fact that two eyes are needed,
cannot be conveyed in the conventional cinema.
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The following is a cursory exposition of the cues to depth as usually
given in textbooks, most of which were first enumerated by Renaissance
painters. The reader interested in learning more is advised to consult a basic
book on perceptual psychology, such as that by Kaufman (1974), Sight and
Mind.

Retinal Image Size. Larger retinal images tell us that the object is closer,
because objects closer to the eye are seen as larger.

Perspective, or Linear Perspective. This cue is based on the notion that
objects, often man-made, diminish in size as they recede from the observer.
For example, parallel railroad tracks seem to converge at the horizon.
Interposition, or Overlapping. One object in front of another prevents us
from seeing the one beind. A teacher in front of a blackboard cuts off part of
the view of the blackboard and must, therefore, be closer to the student than
the blackboard.

2.1. Retinal image size. Lines
¢ and h are the same length,
but ¢ subtends angle az,
greater than as, thus
appearing closer than h.
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2.2. Perspective. Dashed lines extend to “vanishing points”” on horizon.

2.3. Interposition. The top rectangle appears to be closer than the bottom one.
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Aerial Perspective. At this moment | am looking out across San Francisco
Bay to Mount Tamalpais. It is a very hazy day, and the mountain is barely
visible in the glare of the haze illuminated by the setting sun. The haze
intervening between me and the mountain makes it look far away. Atmos-
pheric haze provides the depth cue of aerial perspective.

Light and Shade. Cast shadows provide an effective depth cue, as does light
coming from one or more directions modeling an object.

These depth cues can provide information about the volume of space
filled by objects or how far apart one object is from another. Some cues also
help us perceive the solidity of an object or understand its roundness. The
extent of space between objects and the way individual objects fill space are
different but related entities.

One such cue discussed at great length by J. J. Gibson (1950) is termed

textural gradient.
Textural Gradient. A tweed jacket seen up close has a coarse texture that is
invisible from a great distance. The leaves of a tree are clearly discernible up
close, but from a distance the texture of the leaves becomes less detailed.
Silver photography is particularly well suited to the recording of finely de-
tailed texture.

All these cues can be picked up in still photography, whereas the fol-
lowing cue can be seen only in motion pictures.

Motion Parallax. This cue is a post-Renaissance discovery, probably dis-
cussed first by Helmholtz. A most dramatic example of motion parallax is
the rapid movement of nearby foliage as one rides in a car, while the sky and

2.4. Aerial perspective. The haze contributes to making the background look far
away.
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the distant hills seem to remain relatively fixed in position. This cue is
closely related to the cue of stereopsis, which is the major concern of this
study.

The depth cues that have been enumerated above are usually classified
as psychological cues. They have been studied by psychologists as separate
entities, and certain rules can be specified for each. The foliowing depth
cues, usually categorized as physiological cues, are more readily explicable
in terms of anatomical function.

Accommodation. Just as the camera lens focuses by moving closer to or
farther away from the film the lens of the eye focuses images on the retina by
actually changing shape as it is pulled by muscles. The muscular effort in-
volved in focusing could provide a feedback or proprioceptive mechanism
for gauging depth.

Convergence. The lens of each eye projects a separate image of objects on
each retina. In order for these to be seen as a single image by the brain, the
central portion of each retina must ““see” the same object point. You can see

2.8. Convergence. Eyes
looking at close object (left),
and distant object (right).
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the tip of your finger as one finger, but if you look behind it you change the
point of convergence and your finger will look blurry or doubled. The mus-
cles responsible for this vergence, the inward or outward rotation of the
eyes, may provide distance information such as a camera range finder does.
Disparity. When the eyes converge on an object in space, it is seen as a
single image, and all other objects, in front of or behind the point of conver-
gence, can be seen to be double images.

2.9. Disparity. The eyes are
converged on the closer rod,
which is imaged on the
centers of both retinas.
Disparity is the difference in
distance between the two
positions at which the further
rod is imaged on left and right
retinas.
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Obijects behind the point of convergence are said to have uncrossed
disparity, and those in front of the locus of convergence have crossed dispar-
ity. Different groupings of cells in the brain are activated by crossed or un-
crossed disparity of the retina.

The drawing shows that retinal images of objects that are not being
converged on will have some measurable distance from the central portion
of the retina where convergence occurs. The difference between these two
distances is a measure of disparity and can be given either in terms of dis-
tance on the retina or, more frequently, in terms of angular measure.

The eye-brain seeks to place the image points of interest on the central

portion of the retina, the fovea, or actually on a portion of the fovea. Here
the eye’s acuity or ability to see detail is greatest.
Stereopsis. Stereopsis is the only depth sense that depends on our having
two eyes. Stereoscopists use the term interocular to describe the distance
between the eyes, usually 65mm for males and 63mm for females. Physiolo-
gists call this the pupillary distance, or P.D. The distance between camera
and projector lenses is called the interaxial. Although it is a separate depth
sense, stereopsis depends on the other depth cues in order to form a visual
impression of the world. This ought to come as no surprise, since the entire
perceptual process is a cooperative effort on the part of the various cues.

Both the convergence and disparity cues depend on our having two
eyes, but neither can be described as being a sense. Both aid in the forma-
tion of the stereoscopic image created by the mind.

It can be demonstrated through the use of Julesz figures, for example,
that a stereogram totally lacking any extrastereoscopic cues can have depth

e
S

"~ -
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2.10. Julesz figure. My only attempt to reproduce an image stereoscopically in
this book, which | feel says something about the “state of the art” of printing.
Some people have the knack and can ‘‘free vision,” or fuse the two together into
a three-dimensional effigy. (Julesz, Foundations of Cyclopean Perception.
Chicago: University of Chicago Press, 1971. Copyright 1971 by Bell Telephone
Laboratories, Inc. Reprinted by permission.)
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when viewed through a stereoscope. In the figure shown here, which has
been reprinted time and again in the literature, the viewer with functioning
stereopsis will see a rectangle emerge from the background field.

There are many rival psychological theories that attempt to explain
stereopsis. For now, let us discuss stereopsis in terms that will be helpful to
the filmmaker or photographer. Although it is an independent depth sense,
stereopsis works in conjunction with monocular depth cues, especially per-
spective, and is dependent on memory.

Although many texts and articles for the stereographer attempt to ex-
plain this mechanism in terms of convergence, it has been repeatedly estab-
lished for a century and a half, since the work of H. W. Dove, that conver-
gence has little to do with gauging distance and simply functions to fuse left
and right image pairs to prevent doubling of the image. Perceptual psycholo-
gists have not as yet established a totally convincing theory to account for all
the known observations of stereopsis. Physiologists, studying brain function
on an individual cellular level, may come closest to unravelling the func-
tional mechanism through their observations that groups, or pools, of cells
discriminate between crossed and uncrossed disparity and that these dispar-
ity pools may well be the key to the functioning of stereopsis.

The mind transforms two essentially planar retinal images into a single
view of the world with stereoscopic or three-dimensional depth. In whatever
way this happens, slight horizontal shifts of left and right image elements on
the retinas are turned into the useful and pleasurable sensation, stereopsis.

THE VISUAL PATHWAY

The visual pathway begins with the eye.

The eye, like a small camera 1 in. in diameter, has a focal length of
about 25 mm, a maximum f stop of about 2.8, and a minimum stop of about
f/22. The commonplace analogy between the eye and a camera is remark-
ably accurate (Wald, 1954). The retina, the light-sensitive surface or film of
the eye, when called upon to see in dim illumination, increases its speed
through a chemical process very much like using faster film or pushing film
for increased sensitivity.

The cornea and the lens of the eye bend light rays to form what is called
a real image, upside down and backwards, on the retina. Focusing is accom-
plished by muscles that pull on the lens, changing its shape. When one looks
at some object, the six muscles attached to each eye aim it at that object so
that the image falls on the fovea. The foveal portion of the retina is packed
with specialized nerve cells called cones, and this region of the eye provides
us with maximum visual acuity.

The density of cones (there are a total of about 120 million of them) falls
off as we move away from the fovea, where the rods (there are 7 million of
them) are responsible for vision in dim light, essentially seen as monochro-
matic.
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The eye, like a camera lens, uses an iris diaphragm for controlling the
level of illumination that reaches the retina. In bright light the lens is
““stopped down,”” and in dim light it “opens up.”’

The optic nerves carry the visual signal initially processed by the retinas
further into the brain, although the eye-retina is quite clearly an extension of
the brain itself (see Fig 1.2). A funny thing happens on the way to the brain,
where most of the left and right fibers of the optic nerve cross over at the
optic chiasma. Some of the fibers of the right eye go to the right hemisphere
and some to the left hemisphere. A corresponding partial crossover, or par-
tial decussation, also takes place for the left eye.

About 70 percent of the fibers originating at an eye cross over at the
chiasma. The bundle of fibers from each eye can be thought of as made up
of two bundles, temporal and nasal, from corresponding halves of the retina.
The temporal fibers go to the hemisphere of the brain on the same side of the
head as the eye from which they originated, and the nasal fibers go to the
opposite cerebral hemisphere.

What happens from this point on becomes increasingly complex as in-
formation is fed back from one portion of the visual pathway to another. The
interested reader is advised to consult Kaufman (1974), Julesz (1971), or
Polyak (1957).

IRIS

CRYSTALLINE.
LENS

RerinA

OPTIC NERVE.

2.11. Cross section of an eye. A diagrammatic view of an eye.
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THE STEREOPHOTOGRAPHIC FIELD

J. J. Gibson, in his classic book, The Perception of the Visual World
(1950), makes this distinction between the visual world and the visual field:
The visual world is the world of daily experience, of ordinary life, the room
one may be in, the streets one drives through, the parks one walks through. 1t
is a visual world not subject to introspection. It is taken for granted.

On the other hand, we perceive the visual field only when we become
consciously aware of seeing. Gibson suggests that the difference can be il-
lustrated by looking around the room you are in as you usually would. There
are all the things you expect to be there, a chair, a book lying on top of a
table, and so on. Now try fixating your eyes on some particular point in the
room, but at the same time remaining aware of the entire area of vision. As
you continue this exercise, what you see takes on the appearance of a pic-
ture, and this conscious effort has turned the visual world into the visual
field. There are some very interesting differences between the two, and these
have a direct bearing on stereoscopic filmmaking.

The visual field, unlike the visual world, is bounded. This may seem a
peculiar notion at first, but the visual world exists in a totality of extent in
space, or throughout a full 360° sphere. You are not able to see more than a
fraction of that sphere at one time, but you are nonetheless aware of the
world extending beyond in all directions. If you continue to fixate one eye
(close or cover one eye) on a particular point in the room, still paying atten-
tion to the boundaries of vision, you will soon see that the extent of vision is
limited by your nose at one edge of the field and gradually diminishes at the
opposite side. The drawing shown here, by the physicist Ernest Mach, illus-
trates the extent of the visual field of a single eye. Both eyes together cover a
field of about 180° horizontally and about 150° vertically. It may come as a
surprise to many that the nose actually extends into the visual field to a
significant extent. It has been there all our lives, but most of us never really
notice it.

One of the most interesting things about the visual field, which you can
demonstrate for yourself if you continue to fixate on a point, is that it is
sharpest at its center. As you move your attention away from the center of
the field without moving your point of fixation, you will notice that the edges
of the field become progressively less clear and distinct. Try fixating on a
single word on this page. Only that word, or the few adjacent ones, are
sharp. All the other words on the page become less distinct away from the
center of the field.

The visual world, on the other hand, gives the impression of being total-
ly sharp over its entire extent. Undoubtedly some sort of visual memory is at
work here; the various movements of the eye from point to point in the field
produce images that are somehow stored and summed up to construct a
sharp visual world.
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The eye sees very poorly while in motion. Only when at rest does it see
clearly. And, as the eyes move, the visual world remains fixed. This is quite
unlike the results one obtains when panning a camera, in which the world
does seem to move when you look at the footage. That is probably why pans
are so difficult to execute gracefully. The result of a pan is quite unlike any-
thing we are used to seeing when looking at the visual world.

If you push on the corner of one eye with a finger, while fixating on a
point (closing or covering the other eye will help with this experiment), you
will notice that the world actually moves. The commonly accepted theory to
explain this is that there is an internal frame of reference of visual direction.
When the eye initiates movement, the frame of reference moves in the oppo-
site direction with equal magnitude, so the visual world remains at rest. A
push on the eyeball disassociates the movement of the eye from this mecha-
nism.

Gibson points out that when we tip our head vertically, or look through
our legs at the world upside down, if we pay attention to the visual field, the
orientation of the image is defined with respect to the boundaries of the
field, as would be the case when looking at a painting or photograph. The
visual world, on the other hand, has distinct upward and downward direc-
tions that are gravity-defined, undoubtedly, by the mechanism of the inner
ear.

2.12.The visual field. Ernst March in the 1880s was probably the first person to
introspect and come up with a drawing like this. Artist Christopher Swan has
drawn this version.
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2.13. Two perspective points of view. The eyes, like a double-lensed stereoscopic
camera, see objects from two perspective viewpoints. Shown here are the

geometric projections onto two plane surfaces of a three-dimensional object.
(After Gibson, 1950).
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In addition, linear perspective is a quality of the visual field, and proba-
bly a learned one that operates only when we introspect. Gibson asserts also
that when objects are observed in an introspective or pictorial sense, espe-
cially with ane eye closed, they appear flat, like shapes without depth.

The visual field, observable only through conscious effort, is more read-
ily available to the person who is trained in its perception. Filmmakers and
photographers train themselves to see the visual field. It is their life’s work.
Only the visual field, not the visual world, can be photographed.

The naive photographer for example, has not been trained to under-
stand the compositional necessities of the visual field. His or her attempts to
create effigies, no matter how worthy and ambitious in intent, may fail. It
may be impossible to translate such ideas photographically because of the
perceptual limitations of the creator. The snapshot shooter attempts to trans-
late the visual world directly into a good photograph. The accomplished
photographer learns to interpret the visual world photographically by con-
centrating on the visual field.

The role of memory in our perception of the photographic world is
important. When observing the photographic field, our recollections of
qualities of objects, such as their shape, color, and texture, may all contrib-
ute to a heightening of the sense of presence of their effigies. Similarly, poor-
ly photographed objects may not withstand such comparison with the genu-
ine article.

Artists and photographers are trained in the methodology of making the
visual field and the photographic field correspond in terms of planar, or two-
dimensional, representations. In other words, because of technological limi-
tations, our photographic field is a mono-optical one that interfaces with a
monocular visual field.

Audiences experience the projection of images, which are essentially
recordings of the visual field (not the visual world) translated into the photo-
graphic field. But carried along by the dynamic of the work, they are trans-
ported into the photographic world. Thus, good filmic construction creates a
new entity, based on the moving photographic field, transforming it into a
reality that is more nearly like the visual world. This new entity, the photo-
graphic world, is made up not only of the photographic field but also of the
additional elements of plot, characterizations, or whatever human interest
and other related qualities are inherent in the film.

Throughout this book | am attempting to show how the binocular visual
field may be translated into the stereophotographic field.

EVOLUTION AND THE NEED FOR STEREOPSIS

Binocular stereopsis is a relatively rare facility among animal species; it
is possessed only by primates and a few other animals, such as owls, despite
the fact that all species that have eyes have pairs of eyes. The fact is that the
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vast majority have eyes on opposite sides of the head. It is interesting to
speculate why the human race possesses stereopsis and how it developed.

For stereopsis to be possible, both eyes must be able to converge on an
object so that the image can be fused into a single three-dimensional view.
Eyes placed on opposite sides of the head simply cannot accomplish this.
They do have a distinct advantage over eyes that can converge: excellent
coverage of the visual field, a nearly panoramic view of the world. (The
advantage of such a view is obvious. For example, a grazing animal can
constantly be on the lookout for predators without having to move its head.)
Binocular vision, on the other hand, restricts the field of view to the direction
faced.

There is a peculiar analogy between the wide-screen and stereo cinema
and animals with panoramic vision and primates with stereoscopic vision. It
is as if the Great Producer decided that panoramic vision was more impor-
tant than stereoscopic vision and, as a result, made most species to see that
way.

Of the few species possessing stereoscopic vision, the human race has
made the most of it. Although almost entirely taken for granted (it was not
even recognized as a separate depth sense until the last century), stereoscop-
ic vision has materially aided human intelligence and technology in fields as
diverse as primitive agriculture, where we have been able to accomplish
weeding, for example, and in modern technology, for example, in the as-
sembly of cameras. These tasks, and a myriad of eye-hand coordinated ef-
forts that have directly led to human exploitation of the material universe,
would be practically unimaginable without binocular stereopsis. As the re-
nowned physiologist Polyak (1957) put it, “The development of stereoscop-
ic vision appears to have been one of the essential factors in the evolution of
the human intellect.”

It has been suggested that our arboreal ancestors found stereopsis par-
ticularly helpful for estimating distances when jumping from tree limb to tree
limb. Obviously, being able to land on the limb is an important survival
characteristic. If you have the opportunity, cover one eye in a wooded re-
gion where there is a confusion of limbs and shrubs. The confusion will be
multiplied a hundredfold. When other depth cues lead to confusion, stere-
opsis often helps to separate elements of the visual world.

Man is a hunter, and a predatory animal seeking prey has a distinct
advantage if it has a well-developed stereoscopic visual system. Not only
can this help him gauge the distance to animals, but it also helps him see
through tricks of camouflage to reveal the existence of an otherwise unsus-
pected creature. Since the predator may become the prey, stereopsis also
helped with the early detection of a hunter in a difficult visual environment,
such as brambles and forested areas. In dim light | have observed stereopsis
provides an additional perceptual advantage; the ability, at least to some
extent, to separate foreground from background.

Legend3D, Inc. Ex. 2009-0068
PRIME FOCUS V. LEGEND3D

IPR2016-01243



68 FOUNDATIONS OF THE STEREOSCOPIC CINEMA

CLASSIFICATION OF STEREOSCOPIC SYSTEMS

There have been a number of approaches to the problem of creating
stereoscopic effigies, but | shall confine my discussion to systems actually
employed for the transmission of moving images and concentrate on those
that are more or less commercially successful.

In this book, specifically, | have in mind the production of stereopairs,
which are projected through sheet polarizers onto a polarization-conserving
screen. The twin images are sorted out for the spectator through viewers
with sheet polarizers similar to those at the projectors. This system has been
in commercial use for almost fifty years, but image selection based on polar-
ized light was suggested before the turn of the century.

A similar scheme employs complementary-colored filters of images to
produce an anaglyph. The left image may be printed green and the right red
(but there is no standardization) on color print stock. The original photogra-
phy is usually done with black-and-white film. The combined red and green
image is viewed with a selection device (glasses) made up of one red and
one green filter. The red filter occludes the red image and transmits the
green, and vice versa. Julesz (1977) has dubbed these devices anaglypho-
scopes, and by a similar stroke of linguistic hokum we could call sheet po-
larizer glasses polarizoscopes.

Image selection by polarization and by complementary-colored filters
have a great deal in common. Black-and-white stereopairs may be displayed
either way. In fact, all of the arguments in this book about stereoscopic
transmission may be applied to either system.

STEREOGRAM CINEMATOGRAPHY

Most three-dimensional motion picture systems use a stereogram, or left
and right image pairs, to recreate the depth sensation of binocular vision,
stereopsis. Whereas some photographic systems have used two existing mo-
nocular cameras in dual rigs, others have employed stereoscopic cameras or
lenses designed to place both images on a single piece of film. Both methods
of image selection, the anaglyph and polarized light, may be applied to
black-and-white photography taken with either type of camera. Only the
latter method is suitable for color photography (although there are some
advocates of the color anaglyph, which depends on binocular color mixing).

Projection of specially coded left and right pairs in superimposition,
with an appropriate image selection device worn by the viewer, has been
the most successful method devised. But other approaches have been used
for the display of stereograms.

In one approach the images are projected side by side so that they
resemble image pairs mounted for viewing in a stereoscope. One way to
view such images would be to use prismatic glasses to align each image with
the appropriate eye. Since such a method relies on exact placement of the
observer’s head, it obviously presents grave difficulties.
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Some people have actually advocated “free vision” for viewing such
side-by-side projected image pairs, requiring the observer to exercise mus-
cular effort to fuse these normally unfusable images. It is difficult to imagine
a system like this ever becoming successful, since it requires such a depar-
ture from normal viewing of objects and demands so much skill on the part
of observers.

Another technique for individual selection of stereograms, the eclipse
method, was employed commercially in the 1920s for theatrical films. It
uses motorized shutters in spectacle frames rotating in synchronization with
the projector shutters. The major failing of this scheme is that both photogra-
phy and projection of left and right fields of the stereogram must take place
simultaneously. This method alternately occludes each half of the stereo-
gram, so it is difficult to provide the necessary simultaneous presentation of
image sensation.

It can be shown that photography must use shutters that are in phase to
within a few degrees out of the 360° intermittent cycle. Slow object or cam-
era movement is less demanding than rapid movement, but a camera must
have shutters in phase to better than 5° to cover most subjects. The toler-
ances for rapid movement are probably stricter.

For projection it can be readily demonstrated that shutter phase require-
ments for the standard 24-fps rate must be better than 100°. Thus the stan-
dards for projection are more relaxed than those for photography. Neverthe-
less, eclipse systems for projection employ shutters that must be out of phase
by 180°. This will result in a peculiar rippling effect for objects in motion or
for camera movement. Because the effect is one never observed in the visual
world, it is difficult to describe. Viewing for even a short time will be un-
pleasant for most people.

Inventors have also turned their attention to eclipse television systems.
Prior art was forced to use cumbersome mechanical shutter devices, but the
development of electro-optical shutters like PLZT ceramics and liquid crys-
tal material has reawakened interest in the scheme, which uses the obvious
idea of presenting left and right images on alternate odd and even fields.

AUTOSTEREOSCOPY

The panoramagram is another class of stereoscopic photograph, but
with image selection taking place at the screen or photograph, without a
selection device worn by each observer. The general term ‘‘autostereosco-
py’’ is usually applied to such techniques. The panoramagram for still pho-
tography often uses a camera with a vertically striped shutter, or raster, mov-
ing at the film plane in synchronization with the camera movement. Such
cameras usually move in arcs measured in feet and require several seconds
to make an exposure. For this reason the method is totally unsuited to the
requirements of cinematography.

For many years these displays have had some commercial success and
have been marketed in the form of record album covers, postcards, and
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magazine and advertising illustrations. In Europe, especially France, there
are even portrait photographers offering panoramagram technology to the
individual sitter. In the United States and Japan, commercial interests have
developed techniques for mass reproduction of panoramagrams. These pho-
tographs are overcoated with a corduroy type of transparent layer of lenses,
usually called lenticules. Behind each lenticule lies an image stripe that con-
tains a succession of partial views of the subject, from the extreme left cam-
era position to the extreme right.

A variation of the parallax panoramagram, to give this class of device its
full name, is the parallax stereogram, which is made up of two (or more)
views rather than continuously varying views. Each half of a stereogram may
be cut up into strips and each alternate left and right pair of strips laid behind
one tubular lenticule of the viewing screen. In fact, no physical cutting of the
stereopair need be undertaken, since optical methods may be used to inter-
digitize or multiplex the stereogram. The Nimslo camera, designed for ama-
teur still photographers uses this system to interdigitize four separate views
creating an autostereoscopic snapshot.

The major deficiency of the parallax stereogram is that it can be viewed
only from a limited number of positions and the relationship between the
viewer and the display must be strictly fixed. The parallax panoramagram,
compared with the parallax stereogram, has the advantage that one can see
the image from a wider range of head angles before encountering rather
confusing pseudoscopic zones, or areas with reversed stereo effect.
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2.14. Parallax stereogram. The slits select the appropriate view for the appropriate
eye.

Legend3D, Inc. Ex. 2009-0071
PRIME FOCUS V. LEGEND3D

IPR2016-01243



STEREOPSIS AND STEREOSCOPY 71

-
LEFT R
I.MAG;\
RiGHT —"
IMAGE_
L
LENTICOLAR. SCREEN
N

2.15. Lenticular screen and panoramagram image. Refraction of lenticules selects
the appropriate image for the appropriate eye.
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Oct. 18, 1932, H. E. IVES 1,883,290
PROJECTION OF STEREOSCOPIC PICTURES
Filed Cct. 23, 1930 2 Sheets-Sheet 1
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2.16. Ives’s lenticular projection scheme. Many cameras are used to produce the
many perspective views needed for the true panoramagram.
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Aug. 12, 1930. E. H. V. NOAILLON 1,772,782
ART OF MAKING CINEMATOGRAPRIC PROJECTIONS
Filed Dec. 18, 1928 3 Sheets-Sheet 1
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2.17. Noaillon autostereoscopic display. A vibrating grid, placed in front of the
screen, oscillates left to right in this arrangement.
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Developing the work of Noaillon, a Belgian, and the Frenchman Sa-
voye, the Soviets since the 1940s have been displaying projected stereopairs
autostereoscopically. In such parallax stereogram systems, image selection
takes place at the screen, thereby eliminating the need for individual selec-
tion devices. At first Soviet screens, engineered by Ivanov and improved by
others, were raster barriers, made up of piano wire strung vertically in front
of the screen. Next lenticular systems were employed, but these efforts were
discontinued in 1976.

One might suppose that parallax stereograms would be satisfactory for
theatrical display, since people are confined to seats. Nevertheless, the sys-
tem employed by the Soviets placed severe restrictions on the observer, al-
lowing little or no head movement. Even the slightest shift away from the
preferred viewing position renders the image a rather confusing blur.

In an effort to offset the disadvantages of the stereogram, the Soviets and
others have experimented with using additional views so that four, eight, or
more points of view approximate the continuously varying information af-
forded by the true panoramagram. Such systems have not yet been perfect-
ed, and whether or not autostereoscopic technology can be siccessfully
applied to the cinema remains to be seen.

Nonetheless, there are other possible approaches. | was impressed with
the work of Robert Collender, a California inventor whose prototype of the
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2.18. Autostereoscopic projection of Savoye. A spinning frustrum of a right
circular cone ruled with stipes contains the projection screen. The projector
projects through the spinning cone onto the screen. Reports are that it worked
well, if the viewer did not move his or her head too much.
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Stereoptiplexer device projected delightful three-dimensional movies auto-
stereoscopically on a small screen made of metal with a brushed surface.
His invention turns motion parallax into spatial parallax information. All
photography must be done when either the camera or the subject is in mo-
tion.

The reader seeking more information about autostereoscopy would do
well to read articles and patents by Bonnet, Collender, Dudley, Gabor,
Ivanov, Ives, Kanolt, Montebello, Noaillon, Okoshi, Savoye, and Valyus, all
listed in the Bibliography.

2.19. Robert Collender with prototype stereoptripiexer.
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VOLUMETRIC AND OTHER TECHNIQUES

Spottiswoode (1953) places all the systems just described into a cate-
gory he calls plano-stereoscopic. Left and right image pairs are synthesized
by the mind into stereoscopic effigies, which are not in fact optical images,
since they cannot be reflected or refracted. Another technique, stereo-
stereoscopic, may have been originally proposed by the French motion pic-
ture pioneers, the Lumiéres. Such images actually have depth, just like the
depth of the visual world, and can be optically transmitted. The film image
would actually resemble a bas-relief. No technology exists for the direct
creation of stereo-stereograms. These images, a subclass of the technique
known as volumetric displays, might be projected on gaseous screens or on
a series of layers of screen surface.

The Lumiéres suggested using a series of rear-illuminated transparen-
cies, one mounted in front of the other. The transparencies would be filmed
with a large-format camera whose lens and setting provided little depth of
field. The exposures would be on the thin side, and the lens would be selec-

tively focused for each exposure. For a portrait, for example, one would .

fpcus first for the tip of the nose, then farther back, perhaps on the eyes, and
so forth, until perhaps a half dozen or more photos were taken and mounted
one on top of the other, with some space between.

When | was fifteen years old, | stumbled onto the method and applied it
to the photography of flowers using 35mm transparencies stacked on top of
one another. The technique would be very difficult or impossible to apply to

April 26, 1966 A. M. MARKS ETAL 3,248,165
MOVING SCREEN PROJECTION SYSTEM
Filed Feb. 24, 1954 4 Sheets-Sheet 1

2.20. Marks volumetric motion picture system. The Foreground is projected onto
the front screen, which moves in relationship to the background screen.
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the moving image, but this has not stopped inventors from trying to perfect
such a system. For example, Alvin and Morimer Marks have come up with
several intricate schemes, one of which uses separately projected fore-
grounds and background.

Volumetric systems are limited in their depth effect by the thickness of
the display itself. This and other drawbacks make it hard for me to believe
that the system could be applied to motion pictures.

Lately, inventors have tried to use other techniques to create volumetric
images. One scheme employs moving, or rotating cathode ray screens, and
another uses polyester film mounted in a contraption that is very much like a
loudspeaker. Movies are projected onto the plastic sheet, which is driven
like a speaker cone in synchronization with the images. These inventions
have been suggested for three-dimensional data display, but they present
serious limitations in terms of more general applications, since the images
are translucent. The rear of the object can be seen through the front of it.

Holography has attracted a great deal of attention in the last decade,
and in the popular mind the term has come to mean any high technology
that can provide stereoscopic images without special eyeglasses. The most
successful commercial application has been the multiplex white-light mov-
ing holograms invented by Lioyd Cross. Combining aspects of holography
and the panoramagram, the system presents a ghostly, false-colored image
within the confines of a cylindrical loop of film. These efforts can be classi-
fied as motion pictures because the effigy appears to move when the cylin-
der is rotated. Strictly speaking these are not really holograms, but rather a
panoramagram technique using a holographic display.

A great deal of effort on the corporate research level has gone into
perfecting holographic motion pictures, so it is instructive to note that Mr.
Cross’s efforts were made beyond the corporate yoke and may well be the
only commercially successful example of a holographic three-dimensional
imaging technique. Although several researchers, the Soviets included, in
particular Komar (1977), have reported partial success in creating holo-
graphic motion pictures, the problems are formidable and probably insolu-
ble. Some limited success has been achieved using laser light for photo-
graphing and illuminating relatively small areas, but any successful system
of photography needs to employ the sun and other available light sources.

STEREOSCOPIC DEPRIVATION

Some individuals actually experience a sense of panic or psychological
stress when first observing stereoscopic films. In interviews and discussions
after screenings of my three-dimensional films, some people indicated that
they were puzzled by the experience, even claiming they had never seen a
stereoscopic image before, in spite of the fact that their daily world is per-
ceived stereoscopically. One possible explanation for this is that to a large
extent we learn about our environment through the media. Our present me-
dia, because of technological restrictions, are almost invariably planar, from
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films to photographs to book and magazine illustrations and so forth. Sculp-
ture and theater are examples of two media that evoke the stereoscopic
depth cue. Layer has written an interesting article (1971) about our having
become culturally deconditioned to stereopsis.

In addition, it is well known that people under stressful or unfriendly
situations react unfavorably to change. Many individuals, presented unex-
pectedly with a new experience, may perceive it as unpleasant, whereas the
same person in a better mood, or more comfortable, might find that the same
stimulus produces pleasurable sensations.

Culturally conditioned persons, used to planar motion pictures, may be
disturbed by the stereoscopic film because of the unaccustomed tactility of
the stimulus. The additional sensual involvement of the medium has erotic
implications, and some people may respond unfavorably because of sexual
inhibitions,

Children, on the other hand, have little trouble viewing stereoscopic
films for the first time, and they frequently enjoy sitting so close to the screen
that adults, so positioned, would experience eyestrain. Children are not yet
fully conditioned to cultural biases, and just as important, their eye muscles
are more supple.

There are difficulties apart from technological considerations with re-
spect to the stereoscopic film. Among them are unfavorable individual re-
sponses because of cultural and perhaps unconscious bias against media
employing stereopsis. However, for most people this can be rapidly over-
come after even relatively short exposure to well-produced and well-pre-
sented three-dimensional films.

ANAMALOUS STEREOSCOPIC PERCEPTION

Stereoscopic perception is highly idiosyncratic. There is evidence, ac-
cording to Lundberg (1947) that our perception of physical space changes at
various times in our lives or even throughout the day. There may be some
connection between this phenomenon and the fact that a relatively large
part of humanity has varying degrees of anomalous stereoscopic perception.

Perhaps 5 to 8% of the population has defective stereopsis. Sherman
(1953) supplies the former figure, Kaufman (1974) the latter. Julesz’s impres-
sion is that some 2% of the people at his lectures, in which he presents his
special stereograms (often called Julesz figures), are stereo-blind.

My observations concur with Julesz; about 2% of the people looking at
my stereo movies are indeed stereo-blind. Another 2 or 3% experience fa-
tigue or discomfort from watching even the best stereo-projections. Another
small segment of the audience experiences fatigue to a lesser degree. | am
not talking about the pathology of the eye, but rather about people’s percep-
tion of stereoscopic films, even though the areas are closely related and hard
to isolate experimentally.

It appears, then, that no matter how perfect a three-dimensional motion
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picture system, a significant number of audience members will not see the
film stereoscopically or will experience various degrees of fatigue.

Sherman (1953) tells us that 2% of the population suffers from hy-
perphoria, a condition in which one of the eyes deviates upward relative to
the other. The optical axes of such eyes cannot cross on a point in space, so
coordinated convergence leading to fusion is impossible. He also believes
that hyperphoric projectionists have misaligned stereoscopic projectors to
suit their own visual needs. Although this may have satisfied the small mi-
nority of similarly afflicted members of the audience, most patrons of such a
theater suffered in attempting to fuse images with vertical disparity.

There are other visual defects that produce either a total lack of stereop-
sis or varying gradations of stereoscopic ability. Strabismus (cross- or wall-
eyes) is a fairly common defect. And obviously, people who are blind in one
eye cannot see stereoscopically. The overall situation probably breaks down
to something like this: Perhaps 2 to 5% of the population lacks the sense of
stereopsis; another 10 or 15% have varying degrees of the sense, from those
with very little stereopsis to those having only a mild loss of the sense.
Twelve to 20% is a significantly large segment of the population, and this
may be a factor in the stereocinema’s inability to gain popular acceptance.

There is comfort in the fact that, despite the appreciable number of
people who have anomalous color perception, color motion pictures are
commonplace. The incidence of color-blindness is on a par with stereo-
blindness. The interested reader is referred to Linksz (1964) for details on
classifications of color defects.

There are also a number of individuals who cannot tolerate less than
perfect projection. Another way to put this is that some people are troubled
with certain symmetrical imbalances (see Chapter 6) between left and right
eye. Sherman states that 2% of the population will have difficulty fusing
images in which one of a stereo pair is 12% dimmer than the other. This
condition might seem to be easily avoidable, but in fact, in the theatrical
cinema, this has not been the case, especially for double-band projection
using interlocked machines.

In various single-band projection schemes | have seen, the binocular
symmetry of illumination should be held to tighter tolerances, but all is far
from perfect. While Sherman is concerned with total illumination, uneven-
ness of illumination is just as important; unless optics are properly aligned,
this cannot be guaranteed.

In my studio, | employ a dual-projection system with two low-voltage
dichroic reflector lamps. The [amps are matched (sometimes with the help of
color correction filters), and remain matched after many hours of life—
indeed, until they burn out. The ongoing change to xenon arcs (from carbon
arcs) in the theatrical cinema could have a similarly favorable effect for dou-
ble-band projection.

Some other projection factors, such as unequal size of the projected
images because of the lenses’ mismatched focal lengths may influence the
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ability of audience members to fuse the image or, just as important, to fuse
the image comfortably for prolonged periods.

My research leads me to conclude that strain induced from any source
either is felt to be an unspecific kind of irritation or (often) is felt in specific
parts of the body other than the eyes. For example, strain or discomfort
induced by uneven illumination may produce the same bodily sensation as
strain produced by unequal image size resulting in misaligned homologous
points. Some will interpret these effects as blurriness, others as nausea, and
still others as headaches.

Such strain is cumulative and in time can turn mild sensations of dis-
comfort into serious disturbances. There are rich opportunities to annoy
people with stereoscopic projection. But if it is properly done, the stereo-
scopic cinema can be free from strain for the great majority of people. Im-
ages of incomparable beauty can be presented in this medium—so perfectly
beautiful, in fact, that the planar cinema might begin to lose much of its
appeal.

POLARIZED LIGHT

Image selection by polarization is commonly employed for stereoscop-
ic projection; sheet polarizers are mounted at the projector lenses, and
viewers incorporating sheet polarizers are worn by audience members. With
proper orientation, the right eye will see only its intended image, as will the
left. The left image is occluded by the right viewer filter, which transmits
only the right image; the opposite effect occurs with the viewer’s left filter.

One of the models that physicists use to describe light is that of an
electromagnetic wave. Light has two components, an electric and a mag-
netic vector. As light travels through space, or a medium like glass, the elec-
tric and magnetic vectors exhibit an up-and-down wave motion. A simple
equation relates wavelength, frequency, and the speed of light:

A =C/f

Here \, or wavelength, is given in centimeters; f, or frequency, is given
in cycles per second; C, the speed of light through a vacuum, is 2.99 x 101°
cm/sec.

If we were able to see the electric vector of light as it emerged from a
source like an electric lamp, a candle, or the sun, we would see that the
planes in which the electric vectors travel are randomly oriented, or unpo-
larized. The amplitude, or height, of the wave in the drawing varies with
time as the wave moves in the X direction. The electric component of light in
the drawing is moving in the Z-X plane. The usual light sources encountered
will produce a multitude of light waves traveling along the X axis but with
their electric vectors oriented randomly at various angles to the Z axis.

Light produced by a source or reflected by most objects usually behaves
this way. When it does, it is said to be unpolarized. If the light were pro-
duced by a source or some optical means, or reflected from certain surfaces
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2.21. Natural, unpolarized light.

Z

2.22. Polarized light. Shown in a single wave vibration in the X-Z plane.
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so that all of the electric vectors of the light waves were parallel, the result
would be what we call plane polarized light. It is that form of polarized light
that is most often used for image selection in stereoscopic projection.

N SCREEN

%\.ARlZ. ING
Guasses

2.23. Basic system of image selection using polarized light.

If such a polarizing filter is held over the right projector lens, the light
for the right image will be polarized in a plane (perpendicular to the filter
surface) that can be controlled by rotating the filter in its plane. Once the
projected light is reflected by a suitable surface (a movie screen), one that
does not depolarize light, it can pass through the right spectacle filter be-
cause its axis of polarization matches that of the projection filter. However,
the left filter of the viewer has its axis oriented at right angles to the right lens
filter axis and will allow little or no light to pass through it.
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Electromagnetic radiation, like light, is thought to be made up of two
parts, a magnetic vector and an electric vector. The axis of polarization cor-
responds to the orientation of the electric vector of light. A polarizing filter
acts to absorb the components of light at right angles to its axis. The filter
does not create polarized light; it merely absorbs at least half the available
light and transmits approximately the other half (usually somewhat less).

Unpolarized light can be represented by light waves with electric vec-
tors oriented at right angles to each other, with half the energy of the wave in
each right angle component. The sheet polarizer therefore absorbs the en-
ergy of light with its vector represented at right angles to the filter’s axis. For
this reason, sheet polarizers must always lose at least half the light they
transmit. In actual practice, the sheet polarizers employed transmit only
about 40 to 30% of the total light.

When one considers that polarizing filters must be used both at the
projectors and for the viewers, it is not surprising to learn that more than
two-thirds of available projection light is lost in 3-D transmission.

PHYSICAL PROPERTIES OF SHEET POLARIZERS

The transmittance of a sheet polarizer is called k and varies between a
maximum value k; and a minimum value k;. In the case in which we are
most interested, polarized light produced at the projector and then transmit-
ted by the spectacle filters, k varies according to the rule

k = (kl - kz) COSze + k2

If, at the lens of our projectors, we introduce a single sheet polarizer,
the transmittance of nonpolarized light through the polarizer is

_ ki + ks
2

For the transmittance of the left image, or light through the sheet polar-
izer of the left lens and through the left spectacle filter, which is the case of
identical sheet polarizers with parallel axes, the transmittance for the projec-
tor’s source of nonpolarized light is
k2 + kj?

2

K

H0=

Similarly for the case of right-image transmittance through the left filter,
or for the lens axes crossed with identical sheet polarizers:

Hgo = kiks
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As for the chemistry or actual physical structure of sheet polarizers, the
following is from the Polaroid Corporation’s 1970 booklet, Polarized Light:

In the early "40s, Polaroid developed the type ‘H’" and ‘K’ linear dichroic
polarizers-which are in current use. These linear polarizers are not micro-
crystalline (as were former products), but are oriented linear polymeric ma-
terials. The ‘H’ polarizer, which is most popular, is made by absorbing
iodine in a sheet of thin polyvinyl alcohol that has been stretched to arrange
the molecules in long parallel chains. The light-absorbing molecules are
often referred to as dichromophores. (p. 4)

The parentheses are mine. The K-type polarizers, which were used in
theater projection ports because of their ability to withstand heat better than
the H-type, are no longer manufactured.

Two transmission graphs for Polaroid HN32 and HN38 sheets are re-
produced here. Another type, HN35, is also available, and these three are of
most interest to the stereoscopist. The number in each case refers to the
maximum transmission. For example, a single HN32 sheet introduced into a
beam of unpolarized light transmits 32% of the light, provided that the illu-
mination is a standard source known as C.L.E. illuminant C. However, the
transmission figure quoted provides a good approximation for the projection
lamps used in most situations. The maximum transmission is represented by
the upper curve, A, and, as you can see, varies with the wavelength of light.

The second curve, labeled B, gives the percent transmission for light
passing through two parallel axes polarizers. This is an indication of the
overall efficiency of the polarizers in stereoscopic projection. In the region
of green light, 500 to 550mgu, the total transmission for two HN32 sheets
with parallel axes, say two left filters, is about 28%. Therefore, 72% of the
projection light is lost to polarizer absorption in this case. For HN38s the

Curve A; single polarizer
Curve B; two polarizers, axes paraliel
Curve C; two polarizers, axes crossed

Curve A; single polarizer
Curve B; two polarizers, axes paraflel
Curve C; two polarizers, axes crossed
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2.24 Transmittance curves for sheet poiarizers. HN32 material (left) and HN38
(right). Note that transmittance varies with the color of light. HN38 or material of
similar specifications is usually employed in stereoscopic applications. (Courtesy
of Polaroid Corporation)
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situation is hardly an improvement, for the transmission in this case is about
30%. The use of a high-gain metal surface screen can, in some cases, make
up for this light loss, and the polarization of the incident light is preserved by
such a metallic surface.

The curve labeled C is often called the leakage. It gives the percent
transmission for polarizers with orthogonally crossed axes, say the left pro-
jection lens filter in conjunction with the right spectacle filter. The leakage,
or extinction transmission, of HN32 sheets is 0.005%.

A lower-extinction transmission can be obtained only by accepting a
lower total luminous transmission. The HN32, HN35, or HN38 sheets that
are available have low enough leakage to satisfy the most demanding appli-
cations for stereoscopy. The problem is not so much the leakage when the
filters’ axes are properly orthogonally oriented, but rather the fact that align-
ment of the filters depends on the posture, or head tipping, of audience
members. The basic relationship governing this, where 6 is the angle be-
tween linear polarizer axes, has already been given as

k = (ky — k) cos?O + k,

As 8 changes at the 90° position, k changes very rapidly, and even small
rotations of the head lead to a greatly increased leakage or crosstalk (some-
times called ghosting) of the left image through right filter, and vice versa.

This can be demonstrated to the reader’s satisfaction by holding two
sheet polarizers, one behind the other, a few inches in front of a light source,
such as a 40- or 60-w tungsten lamp. The extinction transmittance is gener-
ally visible as a dark blue or violet color, as is indicated in the extinction
curves labeled C. Transmission increases very rapidly with small changes of
angle away from the maximum extinction position where the polarizers’
axes are orthogonal.

The situation is hardly improved by using filters with lower extinction-
transmittance. In most cases this cannot be sanctioned, since a low leakage
is accompanied by a lower total transmission.

PRACTICAL CONSIDERATIONS

Several factors play an important part in the actual choice of sheet po-
larizers in any given installation, although one will not go very far wrong by
installing HN38s, HN35s, or HN32s in just about any situation for both
projection and spectacle filters. It is most usual to purchase stereoglasses
already made up. Usually manufacturers choose sheet polarizers that are
equivalent to HN38 sheets. But it is possible for zealous workers to assemble
their own stereoglasses. | have used plastic frames to install various types of
sheet polarizers.

| have found that the HN35 polarizers are particularly convenient be-
cause they are manufactured with their axes at angles of 45° to the edges of
the sheets. This makes it easy to cut out filters, especially if you're making
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your own viewers (glasses, goggles, spectacles, selection devices, polarizo-
scopes, or whatever you call them).

Given stereoglasses manufactured with HN38s, it is possible to experi-
ment by substituting various projection filters, say from HN22s for very
bright projectors or very small screens to HN38s for larger screens or less
bright projectors. The HN42 sheets also available have too much leakage. A
large number of combinations are possible. When evaluating performance,
it is advisable to use ordinary footage, not test charts. Image contrast plays a
great part in determining the visibility of the spurious images arising from
left-image crosstalk through the right filter and vice versa. This spurious im-
age may be the result of filter leakage and possible depolarization of light by
the screen. But there are other factors; for example, images with high con-
trast photographed so that they have large parallax values when projected
are very likely to ghost. Another factor is that the more ambient light in the
projection room, the lower the ghosting.

The standard orientation for sheet polarizers for stereoscopic projection
is for the axes to be at right angles but to form an inverted V, +45° for the
right projector and viewer filter and —45° for the left filters. This choice
makes it possible to fold cardboard temples in either direction while main-
taining the proper orientation of axes. If the axes were at right angles but
aligned with the horizontal and the vertical, there would be the danger of
seeing the left image through the right eye and vice versa when these com-
monly used viewers are improperly folded. This results in a pseudoscopic
image with stereopsis in conflict with all other depth cues, which is unpleas-
ant in most instances. (If you turn the glasses upside down, you will see this
effect.)

Sheet polarizers ought to be aligned to each other and the projectors to
an accuracy of better than 1 degree. | can see no good reason for accepting
lower standards for the viewers’ axis-to-axis tolerances. Using well-chosen,
good-quality, accurately oriented sheet polarizers and a good screen, with
good photography, will produce images with very low ghosting, far lower
than was or is seen in usual theatrical circumstances. However, a system of
image selection that depends on audience posture cannot be considered
perfect, and this, not the actual wearing of the glasses, is the system’s great-
est defect. People like to relax at the movies, and they have every right to get
into any position they find comfortable without having restrictions imposed
by the system of image selection. Nevertheless, if the standards | have indi-
cated are maintained, moderate head tipping of a few degrees is possible for
linear polarizers. The degree of tipping is impossible to specify with a single
number, since it will vary principally with the contrast of the shot and the
placement of the objects with respect to the plane of convergence.

In an effort to reduce the positional constraint imposed by linear polar-
izers, | tried some experiments with circular polarizers. The drawing shows
that a circular polarizer is made up of a linear polarizer and a special quar-
ter-wave plate of stressed material. In plane polarization, all the electric
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vectors of light are oriented in parallel planes. In circular polarization, the
electric vectors rotate in the same direction. As shown in the drawing, polar-
ized right circular light becomes left-handed on reflection from the screen
surface. Thus, if right and left circular polarizers (the right one turned
around) were used for image selection, head tipping is allowed, since the
selection process depends not on relative orientation of axes but on left or
right rotation of the electric vector and its relationship to the handedness of
the sheet polarizers.

Land patented this suggestion in 1931, but as far as | know it was never
employed commercially. | found it very hard to make it work in my studio
because of low transmittance and poor extinction. | am pessimistic about
circular polarizers in this context, since their advantage is marginal and the
filters are expensive and not efficient.
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2.25. Circular polarization for image selection.

My experiments with anaglyphic projection convinced me that more
head tipping could be tolerated in a system in which filter orientation was
not a consideration. It was for this reason that | experimented with circular
polarization. However, misalignment of homologous points also plays a part
in limiting head rotation.

| should mention that modern polarizers are available in acrylic plastic
or cellulose acetate sheets of varicus thicknesses and as glass laminates. |

* See errata list
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think sheets 0.01 in. thick will be found suitable for both viewers and projec-
tion filters. (Some people prefer thinner filters for glasses.) Products from
Polaroid and Marks Polarized had very good properties. They are sharp,
neutral in color, without optical distortion, and showed no signs of fading or

alteration of properties even with prolonged use. (Arc projection places

greater demands on these materials.) | taped a pair of Marks glasses to the
inside of my studio window to an eastern exposure with several hours of
sunlight a day; at the end of three months they showed no visible fading.
With care a soft cloth or tissues can be used to clean these materials.

THE VECTOGRAPH

In 1938, Joseph Mahler, a Czechoslovakian inventor who had supplied
sheet polarizers in Europe, approached Land with the concept of the Vecto-
graph (Cornwell-Clyne, 1954), which was publicly introduced in 1940. The
density of the photographic image is made up, in the case of black-and-
white materials, of a collection of metallic silver grains, and in the case of
color materials, of varying densities of dyes in three colored layers. In a
Vectograph, varying degrees of polarization are substituted for correspond-
ing silver or dye densities. A Vectograph image, made up of left and right
image pairs printed on the same support, can be seen as a stereoscopic
image when viewed through the usual polarizing stereoglasses.

The Vectograph is similar to the anaglyph, since both images are super-
imposed on each other and may be projected with a standard projector
without any modification. Because the coding of information depends on
polarization rather than color, one would assume that full-color Vecto-
graphs might also be possible, and these, as still photographs, have been
shown.

At the end of the Second World War, the Polaroid Corporation was
renting the Cinecolor plant to experiment with motion picture Vectographs.
Cinecolor was a two-color process using green and red dyes. According to
Ryan (Quigley, 1953), several reels of black-and-white Vectograph motion
pictures were printed in this Los Angeles facility.

The Vectograph is an imbibition process, similar to the old Technicolor
printing process or the Eastman dye transfer process. To manufacture color
Vectograph prints would have taken a facility capable of printing color ma-
trices (actually two pairs of cyan, magenta, and yellow matrices). No such
facility existed, although | suppose it might have been possible to prepare
prints with two passes through the imbibition Technicolor process.

The Vectograph promised to be the most elegant system for the produc-
tion of stereoscopic prints using the polarized-light method of image selec-
tion. Ordinary projectors could have been employed without straining the
skill of the projectionist. Projected, these prints would have had a very high
light output compared to the usual method of mounting sheet polarizers in
front of the left and right lenses. However, technical or economic factors
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2.26 Vectograph projection of 3-D images. The most dramatic patent illustration |
have encountered.
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have prevented the utilization of the process, although Vectograph technol-
ogy continues to be employed for still photography.

GHOSTING

Ghosting, or spurious images or crosstalk, is a function of the inclina-
tion of the viewer’s head. If we draw an imaginary line through the eyes of
the viewer and compare that with the horizontal, assuming well-adjusted
projector and spectacle polarizers, tipping of only 1 or 2° is permissible for
some high-contrast shots. For the great majority of shots, however, head
tipping of several degrees is possible, and for low-contrast shots where the
major portion of the subject is essentially at the plane of convergence, up to
perhaps 10° of tipping is permissible. It may well be that viewers will uncon-
sciously and automatically align their heads with respect to the image that
produces the least ghosting, but any motion picture projection system that
depends on posture may prove to be fatiguing for some members of the
audience.

If the viewer’s head is well aligned with the horizontal, or with the sheet
polarizers employed at the projector, ghosting may still occur in certain
high-contrast shots. However, this can be minimized by choosing projection
sheet polarizers and stereoglasses that have good extinction and by using a
screen that does not depolarize incident projection illumination. The axes of
polarization of the sheet polarizers in the stereoglasses must also be within 1
or 2° of the axes of polarization in the projection polarizers.

Despite the fact that high ghosting may be present in a poorly designed
display, the stereoscopic effect may remain undiminished even with rela-
tively high crosstalk between left and right images. However, a well-de-
signed stereoscopic projection system ought to have virtually no ghosting.
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chapter 3

The Stereoscopic Field

We will now discuss some of the fundamental psycho-optical concepts of
photographic stereoscopic motion picture systems. The term psycho-optical
signifies an optical system whose final link is the human eye-brain. It was
Ronchi (1957), | believe, who first clearly understood that many physical
explanations are incomplete without inclusion of the eye as part of the opti-
cal system. Certainly this is the case for the stereophotographic motion pic-
ture process. It ought to be pointed out that many, perhaps most, of the
concepts presented here and elsewhere in this book are also valid for still
photographic stereoscopy, and for television.

FRAME AND OBJECT MAGNIFICATION

There is a distinction between frame magnification M and object mag-
nification m. Frame magnification is defined as the ratio of the screen height
(or width) of the projected image to the frame height (or width):

Object magnification is defined as the ratio of the height (or width) of
the object to the height (or width) of the image of the object:

W,
Wi

= He _
S

Motion pictures are generally projected on screens whose M values
vary from about 150 to 500. Super 8 projected on a screen 1Tm wide has a
magpnification of about 180; 35mm on a screen about 4m wide also has a
frame magnification of about 180.
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The image of a man 1.5m tall projected full height (head and toes
touching the top and bottom screen edges) on a meter-wide screen (0.75m
high) will have an object magnification of %2, but the same image projected
the same way on a screen 4m wide will have an object magnification of 2.

Because super 8 is usually projected on screens that are about one-
tenth to one-quarter the width of 35mm screens, object magnifications will
be proportionately lower, despite the fact that frame magnifications can be
more or less equal.

SCREEN PARALLAX

The drawings here illustrate four classes of screen parallax. Screen par-
allax is the distance between corresponding left- and right-image points
measured at the screen. In the literature, in addition to ‘‘corresponding,”
one will also find the terms ““conjugate’”” and “homologous’’ used. In Figure
3.1, left- and right-image points coincide and screen parallax is zero. Left
and right eyes converge on the plane of the screen for which they are fo-
cused. Image points with zero parallax will have a stereoscopic cue placing
them in the plane of the screen. For the polarized-light method of image
selection, head tipping will produce a minimum of ghosting for image points
at or near zero screen parallax. Since image points for both fields coincide,
the ghost image coincides with the image point. Images at or near the zero
parallax condition will have little or no strain caused by the breakdown of
the habitual accommodation/convergence response (see page 100).

Figure 3.2 shows the case of positive (uncrossed) screen parallax with a
value equal to the average interocular. Homologous, or corresponding, left
and right points with this value may be thought of as being at stereoscopic
infinity, since the optical axes of the eyes will be parallel when viewing
them, a condition that also exists in the visual world when looking at very
distant objects. Image points with positive screen parallaxes will appear to
be behind the plane of the screen, in screen space.

Figure 3.3 shows image points with negative, or crossed, screen paral-
lax equal to the value of the interocular. Negative screen parallax occurs
when the lines of sight from the eyes to the image points cross. Such points
will appear to be in front of the plane of the screen in theater space. By
geometrical analysis they will appear halfway between the observer and the
screen.

In the fourth and final case, Figure 3.4, we have a situation similar to
that given in Figure 3.2 with positive screen parallaxes, but the value for
screen parallax is greater than the average interocular distance. When this
occurs, the lines of sight from the eyes to the image points will no longer be
parallel, as was the case for Figure 3.2, and the eyes must now diverge, or
angle outward, in order to fuse such image points. If the eyes are called upon
to fuse stereoscopic images with large angular values of divergence, then
fatigue and discomfort will result.
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CROSSED-LENS-AXES PHOTOGRAPHY

The crossed-lens-axes, or CLA, system will be discussed more com-
pletely, but it is important to understand it now so that the following discus-
sions will be clear.

The geometrical or optical conditions of projection determine the meth-
od of stereoscopic cinematography. The CLA mode is only one of several
possibilities, but for reasons that will be discussed later it is the best alterna-
tive. For a dual-band approach, the projection lenses are set so that their
optical axes cross at the surface of the screen. A target film may be used to
achieve this end.

If we were using a single-band system (left and right images on the same
piece of film) in the CLA mode, we would employ similar test target film and
calibration procedures. In any event, in the CLA mode of projection, we
want to have two prints struck from the same master looking like a single
print projected by one projector.

From this it follows that objects at the point of intersection of the left
and right camera lens axes will appear to be in the plane of the screen.

Camera lens convergence may be achieved by using the Target, or
Smee’s, Method (Brewster, 1856). Cross hairs at the center of each finder are
made to coincide with the object to be placed in the plane of convergence.
The objects upon which the lens axes cross or actually converge in space
will appear, upon projection, to be in the plane of the screen. For the CLA
mode, the term ‘‘stereo window’’ is synonymous with the plane of the
screen for projection, which corresponds to the plane of convergence for
photography.

This technique provides the stereoscopic cinematographer with a volu-
metric compositional device that can place objects where he or she chooses
with respect to the plane of the screen. Objects in front of the plane of
convergence will stick out of the screen and appear to be in theater space,
and those behind the plane of convergence will appear within the screen, or
in what | call screen space.

There is a parallel here between what occurs on the retinas and what
occurs on the stereo screen. The term retinal disparity describes the retinal
distance between corresponding image points, and screen parallax the dis-
tance between corresponding left and right screen points. In stereography,
these corresponding points are called homologous points.

By convention, uncrossed parallax, which corresponds to objects in
screen space behind the plane of convergence or plane of the screen, are
assigned positive values, and those with crossed parallax (in front of the
plane of convergence and the screen) are assigned negative values of paral-
lax. And just as we speak of crossed and uncrossed disparity, it is possible to
speak of crossed and uncrossed parallax, which could refer to film parallax
but more often concerns the measurable distance between homologous
points at the screen.
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In some ways the CLA mode corresponds to the functioning of the eyes,
but it is best not to press the analogy too far, since there are important differ-
ences. However, it is instructive to note that when the eyes converge on an
object in space, this corresponds nicely with the convergence of the ste-
reocamera lenses on an object in space. In the case of the eyes, fusion takes
place and the object has zero disparity and is seen singly. For stereocinema-
tography, the object will have zero parallax, and can be seen clearly without
the aid of stereoglasses. Other objects with negative or positive values for
screen parallax will be seen blurred or doubled without the use of the ste-
reoglasses. In the same sort of way, objects with disparity are perceived as
double or blurred.

i

i
N

3.5. Target method for setting convergence. Left and right finder cross hairs are
aligned on subject that is to appear in plane of convergence.
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Before leaving the subject, it should be noted that convergence can be
achieved either by the lateral shifting of the lens axes or by rotating the
cameras. These methods are sometimes called toe-in instead of conver-
gence, and the two terms will be used interchangeably in this book.

When a double-band system is used, either one or both of the cameras
may be rotated in order to get convergence. When a single band of film
records both left and right images, the lateral shifting of the lens or lenses
may be the best method for setting toe-in, since the left and right halves of
the camera are not separated and cannot be moved. In such a situation,
small lateral shifts of the lens axes accomplish the san® effect as conver-
gence. Lenses are usually aligned so that their optical axes intersect the cen-
ter of the frame. If the axes are shifted either to the left or to the right, usually
by only a fraction of a millimeter, film parallax can be altered at will. This
small shift in the lens(es) will leave t., the interaxial, substantially unaltered,
but the effect on film parallax can be considerable. Lenses used for this
purpose must cover a slightly greater area than the usual designs, to avoid
vignetting the corners of the frame when shifts are made.

For either technique, the Target Method may be used for accurately
setting lateral lens shifts or camera rotation.

CONVERGENCE ANGLE
PHOTOGRAPHY

If we say that the left and right lenses of a stereocamera are at L and R
and that these lenses are converged on point Z in space, we can measure the
angle of convergence with either 8, 8, or a, as shown in Figures 3.6 and 3.7.
Psychology texts usually specify the angle identified as a as the angle of
convergence. In Figure 3.6, | have assumed that we have an isosceles trian-
gle, so that the line ZM bisects angle «, in which case left and right exterior
angles @ are equal, as are left and right interior angles 8.

For stereoscopic photography, we will call angle(s) 8 the angle(s) of
convergence. Convergence can be asymmetrical; for example, the angles
corresponding to 8 shown here, let us say 6, and 6., need not be equal. Your
eyes can converge on objects in space asymmetrically, and so can camera
lenses, as we will see.

For the camera lens, we are assuming that LZ and RZ are the optical
axes and that points L and R are rear nodal points. The angle of convergence
may be specified trigonometrically (for the symmetrical case) by

t
tan © = ==
2D
where t, is the interaxial distance and D is the distance from camera to
subject Z. For everything but extreme closeups, we can take the distances LZ
or RZ to be equal to D or ZM.
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3.6. Convergence angle. Stereoscopists define 8; and 8, as convergence angles.
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PROJECTION

Convergence angle of the eyes and screen parallax are equivalent
quantities and may be expressed by the relationship

t, — P
Vv
Figure 3.7 shows the asymmetrical case where rR, the line of sight be-
tween the right eye R and the right image pointr, is at right angles to the base
line LR. The angle 6, is the total angle of convergence, V is the distance from
the screen, P is screen parallax or the distance between image points / and r,
and ¢, is the interocular distance.
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3.7. Convergence angles of eyes and screen parallax.
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100 FOUNDATIONS OF THE STEREOSCOPIC CINEMA

Since the angle 6, is very small, the relationship could have been given
in radians. Similar results can be derived for various symmetrical and asym-
metrical cases for both negative and positive parallaxes, and for the diver-
gent case. By our definition, the example shown is for positive parallax.

When observing stereoscopic films, the eyes must do work to which
they are unaccustomed: They must converge. That is to say, when observing
planar films, the eyes converge for the surface of the screen and remain
converged at one, more or less, constant distance. For stereoscopic films, as
the eyes scan the shot, they need to reconverge from point to point. This
muscular effort is interpreted by some people to be an unpleasant sensation,
which may be heightened by the breakdown of the habitual accommoda-
tion/convergence muscular response.

ACCOMMODATION/CONVERGENCE

The muscles that focus (accommodate) the eyes are controlled by neu-
rological systems separate from those that converge the eyes. But we be-
come used to the habitual, seemingly coordinated response of these two sets
of muscles. Any departure from the usual effort of accommodation and effort
of convergence (the accommodation/convergence ratio as it is called) may
become a source of discomfort.

When the eyes converge for a given distance, there is a zone of single,
clear binocular vision. Once we move out of the zone, or exceed the limits
of the A/C relationship, one of two things will happen. Either fusion breaks
down (in which case there is double vision) and accommodation remains, or
fusion is maintained and accommodation is lost (the image is out of focus).
Relative convergence is the ability to change convergence relative to the
distance for which the eyes are accommodated. Valyus (1966, p. 373) notes
that a

complete loss of the stereo-effect occurs when the difference between the
angles of convergence required for a model observed stereoscopically and
for the visual axes to meet in the plane of the screen reaches a value of 1.6°.
This occurs approximately when the parallax between a pair of points in
the left and right images is 0.03 of the distance to the screen, i.e., when

|P | max = 0.03R.

For one screen size | have been using, 1300 mm wide, the maximum
recommended parallax (0.03 X 1300 mm) is about 40 mm. | have found
Valyus’s advice to be fairly accurate. For screen parallaxes at or beyond this
value, some, but not all, observers will be unable to fuse the image. Nega-
tive parallax values several times the rule given by Valyus are permissible for
objects moving rapidly out of the frame or held on screen only briefly.

What causes this is the breakdown of the accommodation/convergence
relationship. Specifically, Valyus is telling us about objects being brought
too far forward of the plane of the screen. At the plane of the screen or, the

Legend3D, Inc. Ex. 2009-0101
PRIME FOCUS V. LEGEND3D

IPR2016-01243



THE STEREOSCOPIC FIELD 101

stereo window, objects will have zero parallax. Moving them beyond 0.03
times the width of the screen, Valyus asserts, will cause viewers discomfort.
If an exaggerated 3-D effect is wanted, objects can be made to appear spec-
tacularly beyond the plane of the screen with values of ¥, 1/3 or even lower
for |P | max, provided the shot holds adequate monocular depth cues. Itis the
first and most serious mistake of the 3-D novice to attempt exaggerated
screen parallaxes, shots in which objects are placed in theater space. Not
only will this cause a breakdown in the accommodation/convergence rela-
tionship, but it is entirely unnecessary: A shot that has appropriate perspec-
tive cues will have a convincing “out of the screen’’ effect with very low
values for |P|max.

Valyus arrives at his recommendations, he says, according to strictly
geometrical considerations. However, he admits that in the case of positive
values for parallax, or when image points will be in screen space,

constructions made according to the laws of geometrical optics do not give
a correct solution to the problem in this case. The physiological laws gov-
erning discrimination of planes in depth impose limits on the geometrical
constructions defining stereoscopic space. (p. 374)

The interested reader is referred to Valyus’s book for more details. We
will return to this point repeatedly when discussing transmission systems.

For one thing, useful stereoscopic photography can be carried out with
divergence, thus upsetting geometrical arguments, and this will be discussed
elsewhere. For another, Duke-Elder has stated, according to Levonian
(1954), that people are able to exercise only the middle third of their relative
convergence without visual fatigue. Accordingly, the safest practice would
be to restrict screen parallaxes to a narrow range on either side of the screen
surface boundary layer.

If the middle third of relative convergence can be used without fatigue,
given the restrictions governing placement of images in theater space, the
safest screen parallaxes to employ would be those lowest possible positive
values that would place the image near and at the zero parallax plane. Using
a shooting scheme like this, it is possible to represent a broad, even seeming-
ly full range of depth, since stereopsis, as we will see (page 193), is scaled or
weighted by extrastereoscopic cues.

The limitations of the relationship between convergence and accom-
modation may be strongly felt, for many individuals, when one shot is re-
placed with another. If, for example, we have a medium shot of a person
composed so that he is in screen space—that is, behind the plane of the
screen—and we cut to a closeup of that person so that he appears in the
plane of the screen, the eyes of the viewer must reconverge from the medi-
um shot to closeup.

For some people, and in my experience they are a minority, the re-
quired effort of convergence can cause strain, but some care should be taken
during photography to set camera convergence properly to help minimize
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102 FOUNDATIONS OF THE STEREOSCOPIC CINEMA

this effect. it may be impossible to anticipate editorial needs fully during
photography, in which case the only recourse may well be to make correc-
tions by means of lateral image shifts through optical printing. However, in
most respects,. editing stereoscopic films is like editing planar films.

DIVERGENCE

In a crossed-lens-axes (CLA) system of stereoscopic photography, cor-
responding image points beyond the plane of convergence have steadily
increasing values. In Figure 3.8 | have identified three zones: In zone 1,
fusion may be difficult because of large values for negative screen parallax,
which produce images in theater space. The next zone, 2, is divided into
two parts, (a) and (b), with screen parallaxes ranging between —t, and +t..
The negative zone will produce images in theater space, but generally with-
in acceptable values for screen parallax so that fusion can take place. (For
large screen projection, homologous image points with negative parallax

3 -t o
a H ~—— 1" TOTAL DIVERGENCE.
+
b ZONE. \WHERE.
2 5————5—-———————————-————-——————“— b SCREEN PARALLAX
wiLL BE tte
PLANE. OF
1 SCREEN

ZONE OF DIFFICuULT
FO=uonN DUE TO
ExcEsSsSIVE- CONVERSENCE.

3.8. Zones of screen parallax.
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THE STEREOSCOPIC FIELD 103

values very much greater than ¢, are permissible, more or less according to
the rule given by Valyus above.) The positive portion of the zone, (b), is the
region where nearly all photography should take place, and it lies in screen
space. Zone 3, also divided into parts (a) and (b), is the region of divergence;
it will continue to produce images in screen space, but image points with
values of screen parallax, or p, larger than t,. Part (a) of zone 3 will yield
parallaxes with up to a total of 1° of divergence. Here | am referring to the
divergence of both eyes added together, so that the left and right eyes have
1%° each, outward rotation, for a total divergence angle of 1°. Part (b) will
produce parallaxes with divergence greater than 1°.

All combinations of focal lengths, interaxial, and convergence settings
will produce the results graphically displayed in Figure 3.8. Screen paral-
laxes increase rapidly as we move away from the point of convergence, and
with greater values of interaxial and focal length.

If the eyes are looking at a distant scene, their optical axes will be paral-
lel. Divergence, the outward rotation of the eyes, does not occur when look-
ing at the visual world, but it can occur when looking at stereoscopic effi-
gies. If positive screen parallaxes are greater than the value of the observer’s
interocular, the eyes will need to rotate outward for fusion to take place. In
zone 3(a) divergence is acceptable, whereas in zone 3(b) divergence is be-
yond acceptable limits.

Most people’s eyes can accept a small amount of divergence without
strain. | learned this by laterally shifting or rotating one projector to produce
divergent conditions of any desired degree and by numerous photographic
tests. At the screen, with a ruler, | measured screen parallaxes, and by using
trigonometry | converted these measured distances into angular measure.
The method for calculating divergence is given on page 191.

DISPARITY, HOROPTER, PANUM'’S AREA, DIFFERENTIAL
PARALLAX

A pair of eyes are looking at an object, an arrow. But what do the eyes
really see when part of the arrow is closer to the eyes than other parts of it?
The eyes are converged on point B, while lines Bb, and Bb, are respectively
the optical axes of the left and right eyes. Points a;, b;, ¢;, a,, by, and ¢, lie on
the retinas of the eyes, but only points b, and b, lie in the portion of the fovea
where fusion takes place. As can be seen from the drawing, it is not possible
to converge on the arrowhead A, shaft B, or feather C at the same instant.
The rays from the various points of the arrow cross at the rear nodal points of
the lenses of the eyes, O; and O,.

The distance between points a;b; and a,b, is not the same, and the
difference between these distances is called disparity. The corresponding
quantity for a photographic system is called parallax.

The angle of convergence for the eyes is given, by convention, as angle
b,Bb,, sometimes also defined as the quantity parallax. Whether the quantity
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104 FOUNDATIONS OF THE STEREOSCOPIC CINEMA

is called disparity and is given in terms of distance measured on the retinal
surfaces, or whether it is specified in terms of angular measure formed by the
crossing of the lens axes, it is basically the same, and one quantity can be
related to the other trigonometrically.

If the left and right eyes are converged on point B, we know that points
in front of and behind B will appear doubled, more or less depending on
how far they are from B. This is the zone of single, clear binocular vision,
which corresponds with what is known as Panum’s Fusional Area. Panum’s
Area is a statistical entity, not an anatomical one. It is elliptically shaped,
with the minor axis vertical, and it is largest at the periphery of the retina and
smallest at the fovea.

3.9. Disparity.
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Panum’s Area is an important concept for setting the allowable toler-
ances for the alignment of corresponding image points in stereoscopic pro-
jection. Different values are given by authorities depending on the measure-
ment techniques (Ogle, 1972). Typical values might be 20’ of arc horizontal
and one half or one third of that for the vertical. Assuming that the figures
given here are correct, we could state that the vertical separation between
homologous points must be kept to within, say, 10’ of arc for a viewer. To
exceed this value is to invite the eyes to attempt fusion of vertically sepa-
rated corresponding points, which for projected stereoscopic images is to
promote fatigue and strain.

Let us return to the drawing: Points close tc B, for example, will have
little doubling, since there is not much retinal disparity. However, the single
point of convergence B is not the only place in space where image points
will be seen as single points. For every position of the eyes there will be a
locus of points in space where image points will be seen single; this locus is
known as the singleness horopter.

The horopter in Figure 3.10 is shown as a portion of a circle, and in this
case the nodal points of the eyes and the point of convergence must lie on
the circumference of the circle.

All points lying on the horopter will form images on corresponding
points of the left and right retinas. They will have zero disparity. Forming a
single image from the left and right eye images is called fusion.

The three-dimensional version of our circular horopter is the surface of
a sphere, and this is called the Vieth-Mueller horopter.

3.10. Singleness horopter.

* See errata list
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106 FOUNDATIONS OF THE STEREOSCOPIC CINEMA

In the diagram, point B? lies off the horopter and is at distance Ad from
point B. If the eyes (t. apart) are converged on B, then B! will appear to be
doubled, as we have explained. Disparity and angular parallax are a meas-
ure of the same thing, but let us be more specific. The binocular or stereo-
scopic parallax of image point B! with respect to the point of convergence,
B, is defined as the difference between the angles, a and a,, or Aa. Stereo-
scopists also call the quantity differential parallax, and perceptual psycholo-
gists who specialize in stereopsis call it relative parallax or disparity. The
subject was first developed, | believe, by Helmholtz. He called the equiva-
lent quantity ‘‘depth-intervals.”

We will now relate Aa and Ad by a functional relationship. Let us take
the simple case of essentially symmetrical convergence, in which the image
points lie almost equidistant from the left and right eyes, L and R. The asym-
metrical case is more complex and need not concern us yet. It is obvious
from geometrical considerations that Aa and Ad are proportional to each
other, but the problem is exactly how.

We can assume that t,, the interocular, is small compared to the dis-
tance of the image points in question B and B?, so we can express angular
measure in terms of radians. Thus

But d! — d' = Ad, and we can take d'd} = d?, where d is the average
distance, since we are dealing with the symmetrical case.
Hence

Aa = t Ad dAzd
Differential parallax is inversely proportional to the square of the aver-
age distance between the image points and directly proportional to the dis-
tance between the two points. The constant of proportionality for a given
observer is t., the interocular distance.
We can also write this relationship

Aad?

Ad = G,

* See errata list
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THE STEREOSCOPIC FIELD 107

Ad may be thought of as the perceptual threshold of relief, or the mini-
mum depth for which stereopsis can be thought to function.

It is clear that stereoscopic depth perception does indeed fall off as
distance increases, and this relationship gives us a theoretical basis for quan-
tifying exactly how rapidly this occurs. Since there is an inverse square rela-
tionship at work, stereopsis must fall off very rapidly.

STEREOSCOPIC ACUITY

Is it possible to evaluate, along theoretical lines, the threshold of stereo-
scopic acuity for observing distant objects? How meaningful would this
quantity be? And could we then specify the limits of stereopsis or of a ste-
reophotographic system?

Dx

AX

;

3.11. Limiting distance for stereoscopic acuity.

It should be possible to establish some limiting distance for stereoscopic
acuity given two facts: the stereo base of the system, which is about 65 mm
for the average human eyes, and the resolution or visual acuity of that sys-
tem. Using these and simple trigonometry, we should be able to arrive at a
calculation. From the drawing, we specify Aa to be acuity in terms of angu-
lar measure, D, to be our threshold distance, and t, to be the interocular.
Then

_ e
T tanAc

Judge (1950, p. 44) takes the quantity of visual acuity to be synonymous
with the resolving power of the eye, similar to photographic resolution. He
tells us that “the human eye, in the case of the average person, is unable to
distinguish between two points, or vertical lines, when the distance between
them subtends an angle at the eyes of about one minute of arc.”” According
to Valyus (1962, p. 42), “this quantity differs from the angle defined as the
resolving power of one eye, and depends greatly on the extent to which the
subject possesses stereoscopic vision.” Valyus further states that Ae, or ster-
eoscopic acuity, varies in relation to the intensity of background illumina-
tion, observation time, and the brightness of the object observed. The graph
of the statistical distribution of stereoscopic acuity, reproduced here as Fig-
ure 3.12, is based on Soviet measurements of 106 people. About 30% of this

* See errata list
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108 FOUNDATIONS OF THE STEREOSCOPIC CINEMA

group had a stereoscopic acuity of a little more than 6’ of arc. For calcula-

tions, Valyus also states that acuity is usually taken to be 30’’, and he goes

on to calculate the maximum threshold distance for 57, 10’’, and 30",
For 10”,

65
tan10”

= 1341 m

D, =

Arguing along strictly geometric lines, we see that, given the empirical-
ly determined Ae;, in terms of disparity or stereoscopic perception, an object
further away than 1341 m cannot be perceived as deeper. Observers with
eyes further apart than normal or with greater acuity can have an extended
radius of stereoscopic vision.

*le
30t

20L

0 10 20 30 40 50 60 70 80 90 100
80, sec

3.12. Graph of statistical distribution of stereoscopic acuity. (Valyus, 1962)

We must also understand that the quantity Aa varies with the factors
Valyus enumerates. For example, it may well be that prolonged observations
of a distant target could yield a greatly increased radius of stereoscopic per-
ception. Moreover, the calculation assumes a fixed observer, and human
beings do not remain fixed for very long. Motion parallax probably plays a
very important part in depth perception of distant objects, and it may not be
entirely separable from stereopsis. After a time, a depth effigy of the distant
scene may be synthesized by the mind from the cues of stereopsis and
strongly related motion parallax. Even slight side-to-side movements of the
head are significant.

Let us extend this line of argument to the stereoscopic camera, where
we should be able to use the same relationship for determining the maxi-
mum threshold distance, or radius of stereoscopic acuity, for a camera, us-
ing the concept of photographic resolution, similar to that employed by
Judge for his calculations with regard to the eye.

We will take the example of a super 8 system, which was the medium
of experimentation in this study, but we might apply this calculation to any
photographic system, taking into account resolution of camera film, camera
and projector, screen surface and sheet polarizers employed for image se-
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lection. We can assume a resolving power of 40 lines per millimeter for a
super 8 system viewing original camera film. If a test chart ruled with vertical
black lines, alternating with equal spaces of white, were filmed and project-
ed with the system, such resolution is achieved when forty lines remain
separately discernible in a space one millimeter across on the film. If we
attempt to photograph more lines per millimeter, they would appear to be
blurred together.

Since the super 8 frame is 5.5 mm wide, there are a total of 220 resolv-
able vertical line elements. A super 8 15mm lens has a horizontal angle of
view of 22°. Thus the resolution in terms of angular measure for this focal
length, or A, is 22° per 220 lines, or 0.1°.

65
"~ tan 0.1°

=372 m

The subscript . refers to the camera.

The assumed stereo base is 65 mm. For longer bases, the stereoscopic
photographic threshold would be larger, and increasingly so for high-resolu-
tion photographic systems. Such a calculation says nothing about how an
observer would interface with the system, but different values for back-
ground illumination, length of observation, and brightness of image points
would alter the acuity.

Wider lenses, or those with numerically shorter focal lengths, would
necessarily have lower values for Aa. Since shorter focal lengths reduce the
stereoscopic photographic threshold, and longer focal lengths add to it, the
photographic stereoscopic threshold is proportional to focal length.

In the event that larger-format motion picture systems are employed,
the threshold will be increased by a factor of about 2 for 16mm, or 4 for full-
frame 35mm formats. Thus the thresholds for photographic systems will re-
main appreciably below that of the normal, unaided pair of eyes.

Stereopsis operates effectively only for relatively short distances. There
is universal agreement on this point, and any observer can confirm it. The
factor that chiefly limits stereopsis is the interocular separation.

Stereopsis, in developmental terms, is closely linked with the sense of
touch. As our eye-hand coordination develops in childhood, the close-in
sense of stereopsis, and other visual depth cues, become linked with the
tactile sense. Quite obviously we cannot touch objects great distances from
our bodies, and this may help to establish the close-in nature of this visual
cue.

Observers of stereoscopic films are quick to point out that backgrounds
look flat. Similar views in the visual world also lack stereoscopic depth, but
the stereocinema, which suddenly and effectively calls attention to the
sense, makes the observer more keenly aware of this.

I hasten to point out that the calculations carried out above, while in
fact reinforcing the assertion that stereopsis operates at relatively close dis-

D.I'(‘
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110 FOUNDATIONS OF THE STEREOSCOPIC CINEMA

tances, should be taken with the proverbial grain of salt. Although these
geometrical arguments do follow familiar observations, they themselves
prove nothing. The literature is full of various estimates of the limits of stere-
oscopic acuity,. perhaps to some extent depending on their authors’ own
limits of acuity.

ORTHOSCOPY

Judge (1950, p. 423) and others give as a necessary condition for
orthoscopy the relationship

V = Mf,

where V is the distance of the viewer from the screen, M is the frame magni-
fication; and f; is the focal length employed in photography.

The orthoscopic condition may be defined as that particular combina-
tion of shooting and projection variables that produce a stereoscopic effigy
appearing exactly like the real object or scene at the time of photography.
This is a geometric constraint based on object magnification.

If the subject imaged subtends the same angle in space, or covers the
same portion of the retina during projection as it would for the observer at
the scene, then we have one basic condition for achieving orthoscopy. The
relationship stating that viewing distance during projection is proportional to
the product of linear magnification and camera focal length can be taken as
a definition of what is meant by viewing an image in proper perspective, and
Kingslake (1951) and others generally accept this point of view not only for
projection but for viewing prints.

Indeed, only if the relationship V = Mf, is fulfilled will the relative size
of foreground and background objects be maintained in true perspective.
That is, their relative sizes according to the rules established by the painters
of the fifteenth century, as translated into the standard for rectilinear per-
spective in modern lenses, will be maintained when the viewing distance is
given by the camera focal length scaled up by linear magnification.

For orthoplanar representations, this is the only geometrical-perspective
condition that must be fulfilled. But for stereoscopic projection, there are
several others as well (see page 225).

However valid the reasoning may be in support of the V = Mf, relation-
ship, photographers and cinematographers are concerned with producing
the most pleasing image, not one that necessarily conforms to the logic of
the geometry of perspective. Photography is a pragmatic undertaking, like
any craft or art, and practical considerations and good results outweigh the-
oretically correct solutions.

The case for strict adherence to orthoscopic conditions is not a strong
one in my view. For the usual projection situation, it can never be achieved,
since the viewer would be between the projection beam and the screen
itself. If we used rear-screen projection, there still could be only one seat in
the screening room for which orthoscopy could be fulfilled.
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I have observed that wide departures from this condition for planar and
stereoscopic work are allowable and in many situations desirable, and
marked departure from focal lengths predicted by the condition V = Mf, is
suggested elsewhere in this book.

A useful alternative to the expression V = Mf, may be written as

V- Q
fy

since it can be shown that Q/f, is equivalent to M, or frame magnification,
where Q is the distance from projector to screen and f, is the projector focal
length that must be employed to fill a given screen at that distance. If the
camera focal length used is 10 mm, and M is about 250 (a 1.3-m-wide
screen for super 8), then the distance V, where the orthoscopic condition
may be fulfilled, is V = 250 (10 mm) = 2.5 m.

If we are going to place the projector at Q = 5 m, and want to know the
focal length of the projection lens, then by substituting into V = Qf/f,, after
first solving for f,, we can calculate

f,
(= 5,000 mm (10 mm)
o 2500 mm
fp, = 20 mm

As it turns out, just about every super 8 projector with a zoom lens
includes a 20-mm range. By simple calculations such as this, it is possible to
decide on placement of projector with respect to screen and the arrange-
ment of seating in the screening room.

One should bear in mind that people usually choose seats in a movie
screening room starting at about the center, and then from there on back.
Only as seats become difficult to find, after the center and rear of the house
fill up, will people sit closer to the screen. The seats closest to the screen are
the most difficult seats in the house for stereoscopic projection. Vergence
angles for the eyes are greatly increased.

VIEWING DISTANCE AND PERCEIVED DEPTH

Stereopsis is a highly individual phenomenon, and various observers
will perceive the same effigy in various ways. Nevertheless, one of the first
things most people notice about stereoscopic projection is that the farther
they are from the screen, the greater the apparent depth of the image. The
concept of orthoscopy says that the theoretically ideal place from which to
view the image can be given by V = Mf.. An image viewed closer than V
will have reduced depth, and one farther will have increased depth. Obser-
vation bears this out, but it is also possible to demonstrate geometrically that
this is the case.

* See errata list

Legend3D, Inc. Ex. 2009-0112
PRIME FOCUS V. LEGEND3D

IPR2016-01243



112 FOUNDATIONS OF THE STEREOSCOPIC CINEMA

The observed increased depth, as one moves away from the screen, can
be explained in terms of perspective considerations. A subject filmed with a
lens of short focal length should be viewed from a distance that is corre-
spondingly closer than one shot with a longer lens, as given by V = Mf,. For
example, a shot taken with a wide-angle lens does not have noticeably exag-
gerated perspective when viewed from relatively close, but it does when
viewed from farther than V predicted by Mf.. This effect is used by planar
photographers who wish to control the perspective effect of their photogra-
phy.

Similarly, for stereoscopic photography or projection, viewing an image
from a distance greater than the recommended V will produce a heightened
perspective effect. As we will learn on page 161 stereopsis is scaled by per-
spective. Thus photography with stressed perspective will also have an exag-
gerated three-dimensional effect. A similar argument can be advanced for
the reduction in depth by moving closer to the screen than that predicted by
Mf,.

When the stereoscopic image is viewed closer than the recommended

Mf., increased palpability or tangibility is often experienced. The image in
some sense seems more tactilely satisfying or, if you like, more real, when
viewed closer; and conversely, the image appears more magical or more
artificial to many people from farther away. Not all observers report this
effect, but many do.

The relationship of the viewer to the image points of the stereoscopic
effigy is shown in Figure 3.13. Here V is the distance of the spectator from
the screen, t, is the interocular distance, homologous image points | and r
have screen parallax p, Y is the distance from the image points on the screen
to where they appear in theater space—assuming that the eyes behave like a
rangefinder—and Z is the distance the observer perceives point /,.

It can be shown, using our nomenclature, geometrically that Z is pro-
portional to V (Spottiswoode and Spottiswoode, 1953, p. 25). Since Z is
directly proportional to V, when the spectator doubles his or her distance
from the screen (fig. 3.13), the spectator’s distance to the image point / will
likewise be doubled. In other words, an object that appears halfway be-
tween the screen and the observer will appear halfway between the screen
and the observer no matter what distance the observer is from the screen.
This explains the phenomenon of increased depth, or elongation of the effi-
gy, with increased distance from the screen. Moreover, this will be true for
all image points that constitute the effigy. Helmholtz (1925, p. 355), using a
different approach, arrives at the same conclusion.

Whether an observer’s vision follows this expectation is a nice ques-
tion. Human eyes do not locate objects in space along the lines of a camera
or military rangefinder. Perceptual psychologists have established that there
is no correlation between the muscular effort of vergence and distance.
Thus, the basic assumption of the argument is suspect.
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I have conducted some experiments to gain insight into this question.
Stereoscopic images have been projected onto a rear-screen surface that
conserves polarization. The screen was 86 centimeters across, and viewers,
wearing the usual spectacles and standing, observed the screen from several
meters away. A rear projection setup was chosen to avoid shadows that
would have been cast had conventional front projection been employed.

First, people were asked to estimate how far in front of the screen an
object appeared to be. Several images projected with negative parallax were
used-—a clump of berries and goldfish. People’s estimates of the distance
from the surface of the screen to the effigy varied considerably.

The observers were next asked to hold a finger in space adjacent to the
effigy. Persons were free to move in the projection room. Everyone placed
his or her finger in accurate juxtaposition with respect to the theater space
effigy.

- Y

r ScreEEN

3.13. The relationship of
the viewer to projected
points of a stereoscopic
image.
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114 FOUNDATIONS OF THE STEREOSCOPIC CINEMA

Estimates of distance not involving the finger as a pointer may have
varied because the objects were projected out of scale. A clump of berries
only 60mm across was projected 600mm across, and fish only 30mm long
were projected 500 mm long. But motion picture images are frequently pro-
jected this way. Only rarely do effigies have unit object magnification.

Once an observer placed the finger on or adjacent to the object, his or
her estimates of distance became more accurate. Now the observer simply
had to estimate the distance from his or her finger to the surface of the
screen, a relatively simple, everyday problem.

THE DEPTH-RANGE EQUATION: SIMPLE CASE

Rule (1941) gives the following relationship, which we will call the
depth-range equation or screen parallax equation:

_ Mfd, _ Mft, Mf,

P_D_—_O_Dm orP = Dy~ D.

‘Here P is the maximum screen parallax, M is the frame magnification, £, is
the camera focal length, t. is the interaxial distance, D, is the distance from
the camera to the plane of convergence, and D,, is the distance from the
camera to the farthest object photographed, which correspondingly will
have the greatest screen parallax. When D,, is very large, the term Mf.t./Dy,
becomes very small and can be taken to be zero, so that the relationship
simplifies to the form

P = Mft./Dy

Since we will return to this relationship many times in the course of this
study, some effort will be made to derive the equation so that an intelligent
nonspecialist can follow the argument. We will follow, more or less, the
simplified proof first offered by Rule (April 1941) for the case in which the
lens axes are parallel (as shown in the drawing). This is the usual arrange-
ment for still stereoscopy.

This is the simple case of parallel lens axes with near and far points on
the median line, chosen because of the complexity of the geometry of con-
verging lens axes. The drawing uses our usual nomenclature. The distances
W, and W, on the film plane are the distances from the point where the lens
axes intersect the film plane to the image points formed by points X and O.
The proof involves only similar triangles and simple algebraic manipula-
tions:

From similar triangles,

- fl.‘tc
Wi = 2D,
fele

W, = 2D,,

* See errata list
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In order to find the distance between the image points produced by X
and O, we subtract and simplify:
1 1
2W, — Wy) = et (Bo_ - E;) *
The maximum film parallax of image point X is twice the distance W - W5,
since the parallax is measured by comparing image points on the left and

right film planes.
1 1
Pf —_ fctc(_ — ___>

T } . X )
\ (¢}
D !
D, |
T Y (= R
i
£ te/2 5
] -
-
Wz_ *— !

3.14. Depth-range diagram, simple case.
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116 FOUNDATIONS OF THE STEREOSCOPIC CINEMA

This relationship can be used for calculating the maximum parallax on the
film, which generally is not terribly useful for filmmakers, although this
would be of considerable interest to technicians doing optical printing. (The
relationship can-also be used to obtain approximate values for retinal dispar-
ity.) We are most concerned with screen parallaxes. The film parallax multi-
plied by the frame magnification will give us the desired quantity for screen
parallax, P,:

1 1
P, = Mfctc<D— - —5—>
0 m

THE DEPTH-RANGE EQUATION: GENERAL CASE

The foregoing derivation of symmetrical convergence on a foreground
point, with the maximum background point behind it, also on the median
line drawn perpendicular to and bisecting the interaxial, has been attributed
to Rule; but he is anticipated (as is everyone else in the field) by Helmholtz's
Treatise on Physiological Optics, Volume lll (1925). The interested reader
will find the derivation in a slightly different context beginning on page 330
in a section called ‘‘Laws of Stereoscopic Projection.”’

We will now follow Spottiswoode and Spottiswoode (1953), who
stopped short of deriving the relationship for the general case, for symmetri-
cal convergence, but with the background point off the median line. We will
add the last few steps to complete the form we desire. In Figure 3.15, X is the
distant point and O is the near point intersected by the lens axes. The per-
pendicular distances from the lens plane for X and O are D,, and D, Lengths
I and r are distances along the film plane measured from the point where the
lens axes cross to the images of X and O, f, is camera focal length, t. is the
interaxial, @ is the angle of convergence, and other angles and distances are
as marked.

r = f.tan (8 — O)
| = f.tan (y + O)

and
any = - tang = 2
an vy —Dm, anB—Dm
Substituting and expanding:
Fof b-ptan O
¢ D,, + b tan ©
and
= f a + ptan O
¢ D, —atan O

* See errata list
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If a tan © or b tan © << p (I-r), the expression may be disregarded from the
equations above. Spottiswoode and Spottiswoode tell us that even for large
practical values of O, the assumption holds good. By simplifying and com-
bining, we have

et
| —r=p=2ftan O — ==
P ¢ D,
Let’s note that
Vat,
tan O = D.

And by substitution and simplification,

~ i - L
P = f(tr(Do Dm>’ e

v

3.15. Depth-range diagram, general case.

* See errata list
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118 FOUNDATIONS OF THE STEREOSCOPIC CINEMA

Spottiswoode and Spottiswoode also give the equivalent case for lateral
shifting of lenses, and their book is recommended to those interested in a
rigorous mathematical treatment entirely in Euclidean terms. Some of the
relationships they give would be helpful to equipment designers and optical
printing specialists.

SCREEN PARALLAX INVARIANCE

This is a good place to explain a very important point about screen
parallax as related to frame magnification, comparing photography and pro-
jection of various formats.

If we compare two formats, say super 8 and 16mm, we note that the
16mm format is approximately twice the width of the super 8 format and
that the angle of view of 16mm lenses will be equal to the angle of view of
super 8 lenses when they have approximately double the numerical value.
In other words, if we are filming with a super 8 12mm lens, a 16mm 24mm
lens will have about the same angle of view. If we first placed a super 8
stereo camera and then a 16mm stereo camera at the same point, with the
same interaxial and convergence setting, without changing the relationship
between the various objects in the shot, and took stereoscopic images, we
would discover that with regard to screen parallax and perspective, the im-
ages projected on the same size screen would be exactly the same in terms
of stereopsis.

We can see that this must be so from the basic depth-range equation
P = Mft.(1/Dy — 1/Dy), since M for the 16mm projection must be about
half M for super 8 projection on the same size screen, while f, for the 16mm
camera must be about twice f, for the super 8 camera.

M and f; are inversely proportional as we go from one format to the
other, and they vary in such a way that, given equal camera parameters,
screen parallax for lenses with the same angle of view projected on screens
of the same size will be equal.

| can find no statement of this in the literature, but it obviously is funda-
mentally correct, and a key to the understanding of technical stereoscopic
filmmaking. The invariant nature of photography with various formats, given
that shots are set up the same and projected on the same size screen, has not
been pointed out.

On an intuitive level, | sense that this must be the case, since a two-
dimensional projection of a perspective space onto a plane of a given size
will result in an image of a given size. Two such projections, with a fixed
distance for the base line between the centers of projection (or lenses), will
result in fixed parallax relationships. Whether or not the transmission system
includes a large format for recording the picture information, or whether the
system uses a small format, or uses none at all and actually projects the twin
image a la camera obscura, the parallax relationships of effigy points must
remain the same.
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chapter 4

Transmission Systems:
Classical Developments

In this chapter and the next we will review the work of the pioneers who
advocated various transmission systems for producing pleasing stereoscopic
motion picture images. Inevitably, as may be the case for today’s filmma-
kers, many of these workers had to design the apparatus they used.

Raymond and Nigel Spottiswoode (1953) appear to have coined the
term stereoscopic transmission, by which they meant “. . . the transfer of a
scene in the solid spacial world to a distant place where it is recreated in its
original three dimensions . . .. Thus the transfer of a scene in space by a
storage medium such as film, and its recreation elsewhere in space, as in a
cinema, may be called stereoscopic transmission.”” To this definition | would
add that animation or various kinds of computer simulations not originating
in the solid, spatial world would certainly come under the heading of stereo-
scopic transmission, and the term ought also to include live television,
which may not involve any sort of storage medium.

The technical aspects of photographic stereoscopy, since its inception,
have been a subject of controversy. The principal innovators, Wheatstone
and Brewster, had widely differing points of view. Psychologists such as
Helmholtz soon became interested in stereopsis and stereoscopy, and
Helmholtz’s remarks on the subject were given in his Optik, Volume llI,
published in Germany in 1866.

The discussions of these early workers are necessarily concerned with
still stereoscopy, but with the growing importance of motion pictures corre-
spondingly greater interest was shown in transmission theory as applied to
projected moving images. There was a peak in the literature in the early
1950s, corresponding to the theatrical motion picture industry’s period of
greatest interest in the stereoscopic form.

119
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120 FOUNDATIONS OF THE STEREOSCOPIC CINEMA

Norling, an early motion picture stereographer, had some interesting
remarks to make in 1939 and subsequently, but the first systematic approach
to the problem of photographic stereoscopy and projection is in the work of
Rule, who clearly stated the depth-range relationship (page 133). Rule’s ba-
sic formulation was incorporated in an elegant and, for the filmmaker, diffi-
cult mathematical form in the early 1950s by the Spottiswoode brothers and
Smith. As far as | have been able to determine, they were the only people to
have used their system for actual cinematography.

Kitrosser (1953) of the Polaroid Corporation described the Polaroid In-
terocular Calculator, a circular slide rule relating camera variables and im-
age size; Spottiswoode et al. created a similar circular rule, which they
called a Stereomeasure. Both formulations are based substantially on the
work of Rule. The Natural Vision system, perfected by Milton and Julian
Gunzburg, was used to photograph nine Hollywood features beginning in
the latter part of 1952. The system of photography advocated by Julian
Gunzburg had some interesting aspects that are worth discussing.

Yet another circular rule was offered in 1953 by Hill, of the Motion
Picture Research Council, a Hollywood-based organization funded by the
film industry. Hill’s system is based on the work of Luneberg, a mathemati-
cian who believed that perceptual space could be described by non-Euclid-
ean geometry..The systems of Rule, of Spottiswoode et al., and of the Polar-
oid Corporation are based on the assumption that psychological space can
be described in terms of Euclidean geometry.

Levonian in 1954 and 1955, using the system of coordinates employed
by Luneberg but assuming that perceptual space can be considered to be
Euclidean, developed a system of his own for a master’s thesis. lt is, to say
the least, a precocious work.

In 1954, MacAdam, a Kodak researcher, while investigating tolerances
for slide mounting, noticed that stereoscopic photography is strongly depen-
dent on the extra-stereoscopic depth cues of geometrical perspective.

Twenty years later, Ousjannikova and Slabova (1975) published a de-
scription of the Soviet Stereo 70 system. This article became available to me
late in 1977, at which time | commissioned a translation. The Soviet system
is based on a great deal of effort and careful observation, the result of many
years’ continual engagement in the art. Their general recommendations are
similar to my own independently derived system.

The following pages will summarize these contributions briefly, drasti-
cally condensing many lengthy arguments, to offer a coherent synopsis of
the foundations of this obscure branch of intellectual activity. The interested
reader should consult the original sources for a complete account.

The mathematical notation of the original papers has been retained,
partly because readers will have a less difficult time if they should choose to
review any of the articles. Whenever possible, the original drawings have
been reproduced in order to retain the character of the work more faithfully;
for this reason it is also helpful to employ the author’s notation. | have not
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TRANSMISSION SYSTEMS: CLASSICAL DEVELOPMENTS 121

felt entirely comfortable about this, since it would be better to use a uniform
nomenclature, but | have provided Table |, correlating the variables of the
various transmission systems, as an aid.

This account of transmission systems has been divided into two por-
tions, one reviewing classical and the other modern ideas. The most impor-
tant distinction between the two, aside from the obvious arbitrary chrono-
logical division, is that classical workers have advised avoiding divergence,
whereas modern workers have accepted its necessity.

Helmholtz Norling Rule Spottiswoode Hill Soviet Lipton
€1 —€n

Parallax (retinal X z P P
disparity)

Interaxial / T t, b B t

Interocular 2a e e t e B te

Distance
from camera P
to plane of (Distance d dy D, p L, D,
convergence  from eyes)

Distance

from camera P 1
to far (Distance D dmax D, L D
plane from eyes)

Camera

focal b f f f, f F fe
length

Frame

magnifica- M M M M K M
tion

Frame

width w w w Wp e w

Screen
width S s w W, A s

Distance of

spectator D, 1 1% v Lo 14
from screen

Distance of

spectator

from fused / D

image point

Nearness

factor N

Nearness p

ratio

Obiject

magnifica- m - m m
tion

Divergence 0° 0° 0° 1° 1° 1°

4.1. Correlating various mathematical nomenclatures used throughout this book.
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122 FOUNDATIONS OF THE STEREOSCOPIC CINEMA

This, then, is a review of the thoughts of the people who laid the foun-
dations for the stereoscopic cinema. Because of their experimentation and
passion for the medium, today’s filmmakers are in a better position to take
up the call and make stereoscopic movies.

WHEATSTONE AND BREWSTER

Wheatstone and Brewster engaged in a continuing controversy about
stereoscopy. It is probably true that the heart of the controversy really lies in
the different styles of the men, at least as far as their personalities are mani-
fested in print. Wheatstone appears to have been patient, careful, and digni-
fied. Brewster strikes me as having been hasty, emotional, with great ego
involvement in the priorities of discovery. Wheatstone took five years, from
1833 to 1838, before publishing the invention of the mirror stereoscope and
his discovery of stereopsis. It is probable that he anticipated Brewster's 1844
announcement of the invention of the lenticular stereoscope. Brewster pas-

'sionately denounced Wheatstone’s claim to priority, maintaining that both-

the stereoscope and stereopsis were well known many years before.

The controversy extended to technical differences in setting camera
convergence angles and so bears directly on this discussion. Wheatstone's
first photographic recommendations, published in 1852 in the Philosophical
Transactions of the Royal Society of London, advises setting camera conver-
gence angles for a single camera, placed in two positions to produce a ster-
eopair:

We will suppose that the binocular pictures are required to be seen in the
stereoscope at a distance of 8 inches before the eyes, in which case the
convergence of the optic axes is about 18°. To obtain the proper projections
for this distance, the camera must be placed, with its lens accurately di-
rected towards the object, successively in two points. of the circumference
of a circle of which the object is at the center, and the points at which the
camera is so placed must have the angular distance of 18° from each other,
exactly that of the optic axes in the stereoscope. (p. 7)

Citing experimental evidence to support his view, Wheatstone seems to
be advising that the convergence angle of photography be set according to
the convergence angle for the eyes when looking through a stereoscope.
Perhaps he assumed that the subject is best understood in terms of similar
triangles, in which the geometry of viewing is to be repeated in photogra-
phy.

As | have indicated, Brewster (1856) mounted a bitter attack against
Wheatstone, denying him credit for inventing the stereoscope (Brewster is
given priority in the invention of the lenticular stereoscope) or discovering
stereopsis. Comparing the lower values of angles of convergence derived
based on the interaxial and subject distance, rather than interocular and
stereopair distance, Brewster pounced on Wheatstone’s mistake: ““As such a
difference is a scandal to science, we must endeavor to place the subject in
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its true light . . ."”” (p. 149). Wheatstone’s observations based on work done
with large lenses, Brewster charged, are unfit for stereoscopic work.

To be fair to Wheatstone, it may be that, whatever method he used,
suitable mounting of the stereopairs by means of lateral shifts of either image
with the flexible mirror stereoscopic would have compensated for any errors
in photography.

Brewster quotes Alfred Smee, the originator of what is usually known as
the ‘““target method’’ for setting convergence:

A spot may be placed on the ground-glass on which the point of sight
should be made exactly to fall. The camera may then be moved 2% inches,
and adjusted till the point of sight falls again upon the same spot on the
ground-glass when, if the camera has been moved in a true horizontal
plane the effect of the double picture will be perfect. (p. 153)

Smee was obviously using a single camera moved through the neces-
sary interaxial distance for successive exposures. Setting small angles for
convergence is terribly difficult, but the method Smee hit upon, aligning the
axes by making a spot on the finder screen coincide with the subject to be
placed in the plane of convergence, is exceedingly accurate, very simple,
and preferred to this day.

Stereoscopic photography is a practical subject. It should be easy to
observe results and to learn from experience. It is strange, to say the least,
that Wheatstone could have come up with his peculiar method. It ought to
take very little experience with stereoscopic photography to demonstrate the
weakness of this approach. How is it possible that so many workers over the
years have recommended procedures that cannot produce good results? The
explanation may lie in the highly idiosyncratic nature of stereoscopic per-
ception.

THE STEREOSCOPE AND MOTION PICTURE IMAGES COMPARED

If we consider the transmission system with which Brewster and Wheat-
stone were dealing, we find that there are differences between photography
for the stereoscope and for the motion picture screen. The transmission of a
stereoscopic effigy begins with the subject in space and ends with the per-
ception of the eye-brain of the beholder. To accomplish all of the stages in
transmission, there must be the camera and its film, and in the case of pre-
sentation with a stereoscope, film processing and positioning the pair in the
viewer. '

When a stereograph is viewed in a stereoscope, the two photos—usu-
ally transparencies—are viewed through two lenses. The stereopair is held
at a more or less fixed distance from the lenses, and it is rear illuminated, say
with a built-in source of illumination, or the stereoscope uses ambient light
through frosted or translucent plastic. The purpose of the lenses is to help the
eyes focus on the photographs a few inches from the spectator. Since the left

* See errata list
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image is viewed by the left eye and the right by the right eye, image selection
presents no difficulty. In motion picture presentation, however, the polar-
ized images are superimposed on each other and selection takes place im-
mediately in front of the eyes of the spectator by means of sheet polarizers.

For both the stereoscope and motion pictures, the image ought to be
placed so that most of it plays at or behind the screen surround. Homolo-
gous image points in exact superimposition will appear to be in the plane of
the screen. Superimposed homologous points and the image points that
make up the boundary of the surround have zero parallax and will appear to
be in and to define the plane of the screen. In the case of a projected stereog- |*
raphy, image points with zero parallax—perfectly superimposed—appear to
be in the plane of the screen, which is the plane of the stereowindow. For
stereopairs in a stereoscope, image points must have a somewhat different
relationship to appear at the stereowindow: They must have the same dis-
tance from the edges of the left and right borders. In other words they must
be some distance X from the left border for the left image and the corre--
sponding point for the right image must also be distance X from its left bor-
der.

The stereoscope uses a substantially different method for establishing
the stereowindow, created by the two rectangular boundaries or borders that
surround the left- and right-image pairs. For motion picture work, the screen

STEREOPAIR.

PrROTECTED

4.2. Mounted stereopair and projected stereo image. Stereowindow is defined by
aperture of mount or by screen surround. Depth of a homologous point in
relationship to stereopair aperture is given by distance from points to that
aperture.

* See errata list
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surround itself, a single boundary, creates the stereowindow through which
the image is viewed. But transparencies for the stereoscope are mounted
adjacent to each other, and the window is created by the two borders sur-
rounding each image.

The stereo worker can adjust the pair of images by laterally shifting one
or both, or with mount borders of the appropriate width. Depending on how
the mount openings are cut, they can have various degrees of ‘‘forward-
ness,”’ creating a spatial boundary that best suits the parallax content of the
slide and setting the compositional elements behind the effective window.

In terms of the geometry of the transmission system, this is an important
difference between viewing stereo effigies through the stereoscope and
viewing them on a motion picture screen.

On the other hand, one obvious difference turns out to be of no impor-
tance. The fact that lenses are used to help the eyes focus on the stereopair
does not reduce the difficulties imposed by the breakdown of the accommo-
dation/convergence relationship. Stereoscope lenses will help the eyes focus
on the plane of the transparency, but the discrepancy—between the conver-
gence produced by image parallax and focusing (accommodation) to the
plane of the slide—remains, since the lenses help the eyes focus for one
distance and one distance only. Thus, looking at a stereogram through a
stereoscope in terms of A/c breakdown is similar to looking at stereo movies
projected on a screen.

In terms of the actual visual perception, the most important factors re-
main the perspective of the image and the retinal disparities produced by the
stereopair parallaxes. Viewing a stereoscopic image through a stereoscope
and seeing a motion picture on a screen ought to be similar experiences. For
the stereoscope to fulfill the orthoscopic condition, the relationship V = Mf,
becomes V = (1)f,, since frame magnification must be 1. Then, since V is
obviously equal to f,, the lenses used in the stereoscope must have the same
focal length as the lenses used in the camera (assuming the spectator needs
no refractive correction).

One advantage the stereoscope has over projection is that it can “’seat”
the viewer at the proper distance, whereas people in a theater are free to
select seats that are either too close or too far, based on perspective consid-
erations. But frankly, I cannot convince myself that fatigue or eyestrain are
necessarily caused by violations of the V = Mf, condition. My experience
leads me to believe that wide departures from it can still produce acceptable
images without strain, or in fact, with little noticeable distortion.

Some stereoscopes allow the lenses to be focused to match the idiosyn-
crasies of human vision; but just as important, the lateral shift of the lens pair
not only adjusts the instrument’s interaxial to match the viewer’s interocular
but also allows some manual control by the viewer to aid fusion in the case
of a stereograph with a very large depth range, or for slides mounted to
various standards. These alterations of the interaxial of the viewing device
are not available to projected moving picture images.

* See errata list
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Less expensive stereoscopes, such as the View-Master models, use
lenses of longer focal length, producing less magnified images with lower
values for the resulting retinal disparities corresponding to the lower parallax
of homologous._points. In movie terms, this puts the observer at the back of
the house, the most forgiving position for viewing. Moreover, the exagger-
ated depth effect is pleasing to many viewers.

These considerations made me ask myself why stereoscopic images
could not be projected on a motion picture screen as successfully as when
viewed through a stereoscope. In principle, | could see no reason why this
ought not to be achievable, but in practice, nearly all theatrical screenings i
had witnessed as an adult involved a great deal of visual discomfort.

HELMHOLTZ

Hermann Ludwig Ferdinand von Helmholtz has made contributions in
physics, physiology, and psychology, but we are concerned here with his
efforts toward the transmission of stereoscopic images, given in the last vol-
ume of the Handbuch der physiologischen Optik, which first appeared in
1866. Helmholtz is credited with the invention of the telestereoscope, a
mirror device similar to Wheatstone's original stereoscope. It extends the
interocular distance, thereby exaggerating depth effects, and is the basis for
one kind of military rangefinder. Helmholtz also made a basic improvement
to Brewster’s lenticular stereoscope by adding a variable interocular control
to help match the subject’s eyes to the vagaries of mounted stereographs. It
is not generally recognized that Helmholtz derived the basic depth range
equation, anticipating Rule, who has received the credit.

Let us look at the drawing reproduced from the Optik (Figure 4.3),
showing the relationship between the eyes of an observer viewing an image
through a stereoscope and the resulting spatial image. The eyes are at points
P and Q; AB represents the stereoscopic drawing, CD is ‘‘the line of inter-
section of the median plane with the visual plane,”” and the point S is some
point in space to be reproduced stereoscopically.

Let 2a represent the interocular distance, b the distance from the eyes to
the plane of the stereopair, and p “the distance between the object and a
plane through the centers of the two eyes perpendicular to the visual plane.”

Helmholtz defines a quantity he calls the stereoscopic difference,
which we call stereoscopic parallax, and he shows that

e —eéen= 2ab(1/p1 - ]/pu)

an expression which is equivalent to the depth-range relationship.
Helmholtz sought to establish theoretical limits for the acuity of binocu-
lar vision and to compare this with the acuity of monocular vision. His con-
clusion that the limit of binocular accuracy is equal to the limit of monocular
acuity is no longer accepted. Some people have stereoscopic threshold an-

Legend3D, Inc. Ex. 2009-0127
PRIME FOCUS V. LEGEND3D

IPR2016-01243



TRANSMISSION SYSTEMS: CLASSICAL DEVELOPMENTS 127

gles measured in a few seconds of arc. This is more than ten times their
minimum angle of resolution acuity.

He also made a number of interesting observations on the binocular
nature of luster, reflection, and refraction, by explaining that, to use my own
terminology, the asymmetrical nature of such reflections from surfaces, or
refractions through materials, produces the glitter or shimmer that only stere-
oscopic photography can capture.

Von Kries, in an appendix to the 1910 German edition, further theorizes
about stereoscopic photography by defining P/B as the telescopic power,

where P is the distance of plate from the camera lens and B is the distance at |*

which the image is viewed. This corresponds with our V/f;, or actually is the
reciprocal of that ratio, which is image magnification, M.

In a confusing section, Von Kries throws about the terms ho-
moeomorphous, which seems to be interchangeable with orthomorphous
and tautomorphous, or orthoscopic; but he also introduces nice distinc-
tions: orthoplastic, for a stereoscopic image that has the same proportion as
the original, hyperplastic, for an image with depth values too large, and
hypoplastic, for depth values too small. Von Kries’s enlightened point of
view maintained that successful stereoscopic photography will produce an
image similar to the original but not necessarily congruent with it. This dis-
agrees with the viewpoints of a number of workers who were concerned
with achieving orthostereoscopic views.

4.3. Stereoscopic difference of Helmholtz. Eyes P and Q observe homologous
points R and T in a stereopair. See text. (Helmholtz, 1910)

* See errata list
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128 FOUNDATIONS OF THE STEREOSCOPIC CINEMA

NORLING

One of the best-known practitioners of stereoscopic cinematography
was John Norling. Together with J. F. Leventhal, he produced in 1935 at the
Loucks and Norling Studios anaglyphic short subjects distributed by MGM
under the title Audioscopiks. These were commercially successful in the
American and Western European markets.

In 1939, Norling produced a stop-motion, animated, black-and-white
stereoscopic film, depicting the assembly of a Plymouth automobile. Projec-
tion used polarized light for image selection. The following year, a color
version of the film was presented, and both films were shown at the Chrysler
exhibit at the New York World’s Fair to more than 5 million people.

Although the terms zero center line or crossed-lens-axes system were
not then used, Norling seems to be one of the first to recognize the advan-
tages of this approach, which he used in the Chrysler exhibit. A dual 35mm
system was employed with interlocked Selsyn motors for cameras and a
similar electrical interlock for the projectors. The theater was equipped with
an aluminum lacquered screen 17 ft wide.

The stereo camera, made up of two Bell & Howell machines, had a
fixed interaxial of about 3%z in. Despite the fact that Norling favored lateral
lens shifts for setting convergence, the cameras were angled inward or out-
ward, as the occasion required. Although there must be some geometric or
keystone distortion inherent in a pair of projectors 5 ft apart with a throw of
90 ft., the total convergence angle for the projectors was only a little over 3°,
and this should produce very little geometric distortion.

For the Golden Gate International Exposition in San Francisco in 1940,
Norling used a different system for a film commissioned by the Pennsylvania
Railroad. This involved mechanical rather than electrical camera synchroni-
zation and parallel projection rather than the crossed-lens-axes system.
Norling probably switched to mechanical interlock because of the complex-
ity of his Selsyn system, and it may be that mechanical interlock of the cam-
eras placed restraints on the rotation of left and right units to achieve conver-
gence. If my inferences are correct, a parallel-lens-axes projection system
might be a better choice. The relative merits of crossed-lens and parallax-
axes systems will be discussed in the content of the work of Rule.

In the early 1950s Norling showed a dual-system 35mm camera, which
even today is an advanced instrument. Two rolls of film, immediately adja-
cent to each other, ran side by side through the machine. A periscope-type
lens system set the continuously variable interaxial distances of from 12 to 4
in., and a rack-over binocular finder allowed the cinematographer to antici-
pate the stereo effects.

Between 1939 and 1953, Norling published a number of articles con-
taining basically the same material. A genuine enthusiast about stereoscopic
filmmaking, Norling needed to publicize his own efforts, but he also felt the
need to guard certain “trade secrets” from competitors. This accounts for the

* See errﬁg%
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TRANSMISSION SYSTEMS: CLASSICAL DEVELOPMENTS 129

lack of specific recommendations in his material relating to the important
variables of camera-to-subject distance, interaxial, and focal length.

THE RELATIONSHIP Wed/sf = |

The closest Norling (1953) comes to any sort of explicit advice is the
following relationship (Norling’s notation), which is found in other sources
as well:

I = Wed
sf
where
I = interaxial distance
W = frame width
e = interocular distance
d = camera-to-subject distance
s = screen width
f = camera focal length

From the definition of linear magnification, the ratio of s to W, we have

w_21
s M
which may be substituted into the above to obtain
_ e
Mt

What about the relationship is predictive? How can it be used by a
working filmmaker? Let us suppose the following (units in inches): W (the
width of the super 8 frame) is 0.21, and s (the width of the Eastman Ektalite
model 3) is 40; then M is 190. Assuming an interocular of 2.5, with a 0.50
(13mm) lens, and a subject distance of 60, we get | = 1.58. My experiments
show that this is not a bad choice for the interaxial. However, if we use a
focal length of half the previous value and take f = 0.25 (6mm), we obtain
I = 3.12, which, experiments show, is bad advice. The relationship as stated
has I inversely proportional to f, which gives poor results in many practical
cases, since shorter focal lengths may also require values for the interaxial
that are less than the average interocular.

I have actually led the reader into a trap, since the equation is not meant
to be applied to the crossed-lens-axes system. But | do not feel bad about
this, since | was misled by Norling’s presentation, and | believe that many
others have also gone astray here. The relationship was meant to be used
only for the case of parallel projection, which we will explore more fully on
page 135. In this context, it is used to control the position of photographed
objects with respect to the stereowindow. The position of photographed ob-

* See err&t)g i
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130 FOUNDATIONS OF THE STEREOSCOPIC CINEMA

jects changes with magnification, and on larger screens they come forward
of the window. By reducing the interaxial, one can control the stereoscopic
juxtaposition of window and effigy.

Norling did present some more meaningful concepts in a 1952 article
in the PSA Journal, where he defines the parallax index in an attempt to
relate screen parallax to angular measure, a far more accurate method for
determining acceptable limits for audience tolerance of homologous image
points than simply giving the distance between those points:

D
p ==t
In
where D, is the viewing distance and I, is the interocular.

The P value is given in relationship to a version of the depth-range
equation derived from the diagram for the simplified case of asymmetrical
convergence, with one lens axis perpendicular to the stereo base:

_w  _bd

“PF*D-d
where | is called the parallactic difference.

7

—

4.4. Derivation of Parallax Index, P. D and d are the distances to the far and near
plane of objects G and F, respectively. Lenses of focal length F” are located at D
and E, separated by interaxial I. W, given in the equation in text, is the format
width. S is the distance between image points B and C, which correspond to F’
and C. (Norling, 1953. Reprinted with permission from the SMPTE Journal,
Volume 60, March 1953. Copyright Society of Motion Picture and Television
Engineers, Inc.)
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HYPERSTEREOGRAPHY

Concerning the orthoscopic condition, or at least a version of it, Norling
stated that it will exist when “the projected views shall subtend the same
angles for the eyes as for the camera lenses used in taking the picture”
(1939, p. 619). But he understood the impossibility of achieving this condi-
tion, since it would reduce the audience to one person in the single geome-
trically preferred position. He knew that the image will change shape when
viewed from different parts of the house, and that the distortions can be
disturbing when viewed off axis.

One of the most important aspects of the stereoscopic cinema, he
stated, has little to do with depth, but rather with luster and textures, which
are better reproduced binocularly. Norling also noted the necessity of care-
ful alignment of the camera lens axes in the horizontal plane to avoid verti-
cally displaced homologous image points, and the need for the careful
matching of focal lengths of camera optics.

The following example was given by Norling (1939, p. 621) to illustrate
his conception of the effect of hyperstereoscopy (photography with an en-
larged interaxial):

Thus if we were to make a stereogram of the Empire State Building,
which would require a field of approximately 2000 feet in width, taking the
picture from a distance of 5000 feet, and using a lens separation of 2500
inches, 1000 times that of the normal; the building would appear to be 5
feet away and to be 1/1000 as big. Theoretically, one should experience, in
viewing such a stereogram, what one would experience in viewing a model
of the building constructed on a scale of 1000 to 1. . ..

The capacity to see objects in absolutely true relative scale is probably
lacking in most individuals. Thus, even though we know that, theoretically,
the observer should see the Empire State Building at 1/1000 of its real size,
he would probably still think of it as big and his probable reaction would be
that he would think he were seeing it without a shrinkage in size unless
some reference object, such as a yardstick, were artificially introduced into
the scene.

Expressing the argument as it usually is given, Norling pointed out that
hyperstereoscopic views tend to reduce distant subjects to modellike pro-
‘portions. Yet extended interaxials are the only way that stereoscopic depth
can be brought to shots of distant subjects. In this case, the usual interaxial of
2 or 3 in. will produce as much stereoscopic depth as a painted backdrop.
Some people, when shown such images, complain about this lack of depth.
One trick frequently employed is to add a foreground object, such as a tree,
placed in or near the plane of convergence so that the background can be
set off stereoscopically. :

The effigy produced by the extended interaxial is often compared to
that which would be perceived by a giant; in our example, his eyes would
be 1000 times farther apart than ours. Thus, it seems all the more reasonable
that hyperstereoscopic effects produce modellike results.
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132 FOUNDATIONS OF THE STEREOSCOPIC CINEMA

Another opinion, somewhat at odds with Norling's, is given by Kodak
researcher MacAdam (1954, p. 285), whose work is presented later. He
said:

If the cameras are separated much more than the normal interocular dis-
tance, the binocular disparities can be experienced for objects much further
from the original scene than is normal for human vision. The natural and
quite involuntary interpretation of such an experience is that the distances
in the image are no greater than those for which stereopsis normally occurs.

On the basis of this very effective clue, all distances in the scene are under-

estimated. Consequently, all objects in the scene are perceived proportion-

ately closer than the original objects. Their shapes, however, are distorted
and close objects appear smaller than identical objects at a distance.

In a footnote (p. 285), he added: ‘“The assertion is sometimes encoun-
tered, that use of a camera separation greater than normal interocular sepa-
ration causes perception of a miniature model of the scene, reduced in all
dimensions but otherwise undistorted.”

He gave (p. 285) a numerical example to illustrate his point and con-
cludes with:

The enlargement of distant objects (or relative dwarfing of close objects)
also distorts the shapes of objects that occupy much depth in the scene.
Such enlargement of distant objects and distortions of all objects are inevi-
table consequences of use of camera separations greater than the normal
interocular distance.

We are in a transitional period; people have had little experience look-
ing at stereoscopic effigies. When there is a conflict between the cue of
stereopsis and other depth cues, as there is in hyperstereoscopic reproduc-
tion, it is difficult to know how the mind will evaluate the scene and which
cue will take precedence. It is very likely that hyperstereoscopic views can,
in time, become part of a new grammar of the stereoscopic film, pleasing for
people to experience, an accepted convention of stereoscopic filmmaking.
Of course, in such a case, proper handling of the shot, the choice of interaxi-
al, focal length, and compositional elements will determine the esthetic out-
come.

To continue with Norling’s work: He understood the great importance
of the converging stereo camera to filmmaking, and that the ““normal” or
fixed parallel-lens-axes still cameras used to this day did not provide ade-
quate control of juxtaposition of the photographed object with respect to the
stereowindow. (In projection, the window is the border surrounding the im-
age.) In reference to rotation of cameras and lateral lens shifts—two methods
for adjusting convergence—he clearly prefers the latter, emphasizing the
need for the elimination of keystone or geometric distortion resulting from
rotation or angling of cameras.

The crossed-lens-axes system was employed by Norling for the 1939
World’s Fair and by Spottiswoode et al. for the Festival of Britain in 1950,
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thus becoming the system that set the standard for theatrical presentation in
the early 1950s. In the parallel-lens-axes system, the lenses of the camera
and projector are parallel, and no convergence or toeing of the lenses is
employed. The camera lenses in the crossed-lens-axes system are converged
on the subject that is to be placed in the plane of the screen, and the projec-
tion lenses are adjusted so that their lens axes cross at the center of the plane
of the screen.

For viewing stereograms through a stereoscope, the parallel system
passes muster, more or less. In many better-quality stereoscopes with lenses
of shorter focal length, the borders of the image are indistinct, since they are
perceived only peripherally; hence the less pressing need for accurate
placement of the effigy with respect to the stereowindow.

The advantages of the crossed-lens-axes system for the projection of
moving stereoscopic images must have become clear to Norling, perhaps
when first working with anaglyphs. Stereopairs are viewed side by side in a
stereoscope, probably obscuring the underlying geometry of the situation to
a certain extent. But images overlaid on each other, the anaglyph’s green
and red images, clearly illustrate that objects with zero screen parallax are
perceived in the plane of the screen, while the rest of the effigy is perceived
in terms of positive or negative screen parallaxes.

Norling employed many of the general principles of a good stereoscop-
ic transmission system, in terms of both engineering parameters and recom-
mendations for photography. He helped disseminate information about an
art form that had, then and now, few practitioners. Not the least of his ac-
complishments was the design of a camera that, in most ways, still serves as
a model for a first-rate stereoscopic instrument.

RULE

John T. Rule was a professor of mathematics at MIT, who between 1938
and 1941 published articles on stereoscopic drawing, a geometrical analysis
of stereoscopic image distortions, a treatment of the geometry of projection
of stereoscopic images, and stereoscopic still photography. His approach
was rigorously based on Euclidean geometry, yet he understood that stereo-
scopy is a practical art and that departures from theory were acceptable if
better results could be achieved.

His work, the most formally developed and coherently organized writ-
ing to appear on the subject up to that time, greatly influenced the mathe-
matical analysis of transmission theory published in the early 1950s by Spot-
tiswoode et al., by Hill, and by Levonian.

Although Rule’s work was based on the use of the geometrical princi-
ples of convergence as a psychological range-finding device, or what the
perceptual psychologist would call the theory of projection, he understood
that there were limits to this notion.

... it is assumed that the stereoscopic image of any point lies at the inter-
section of the two projected lines from the eyes through the images of the
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point on the stereograph . .. Though this is an acceptable assumption it
should be pointed out that it is not entirely true and that therefore it does
not lead to perfect results. it can be quickly proved to be untrue by cutting
the two halves of the stereograph apart and varying the separation between
them. It will be found that this separation may be considerably altered with-
out any detectable effect on the image either in shape, size, or location. On
convergence principles, the image should grow larger and recede as the
halves are separated. (1938, p. 314)

This is a repeatable experiment (first carried out by Wheatstone) that
readers engaged in stereoscopic projection may try, by laterally shifting one
of their projected images with respect to the other. As long as excessive
negative or positive screen parallaxes are not produced, situations that
would prevent comfortable fusion, the stereoscopic image will maintain its
shape and size.

In an article coauthored with Vannevar Bush in 1939, Rule stated defin-
itely ““that the absolute convergence of a single point never determines its
apparent depth in a stereoscopic image. Its relative convergence with other
points is used by the brain to locate it with regard to those points after the
general position of the image is fixed.” This comes as no surprise, since
Dove and other psychologists have shown that convergence cannot be con-
sidered a depth cue. Although convergence enables the eyes to fuse retinal
images, disparity itself is the important depth factor.

In terms of a geometrically derived theory of transmission, convergence
and film parallax can be made to be mathematically interchangeable. But
the situation is more complex than an analysis of parallax alone will pro-
vide, since additional extra-stereoscopic cues play a tremendously impor-
tant role in the mind’s evaluation of depth. One can see mathematically
based transmission theories as brave attempts to specify, in functional terms,
quantities that probably defy numeration. Nevertheless, a geometrical anal-
ysis of the problem may produce useful results, if only by allowing us to
observe how actual events depart from prediction.

Rule and Bush defined ““an orthoscopic view [as one] . . . in which the
resultant image is of exactly the same size and shape and has the same
location with respect to the observer’s eyes as the original scene.”

There are powerful psychological factors against an observer ever see-
ing such an orthoscopic view. In the screening room, the effigy is seen hang-
ing in space surrounded by a black rectangle (the so-called stereo window).
Sitting, you are watching events that you often observe only when moving or
standing. You know you are still sitting in a theater, and a host of factors
follow from this: There is tactile deprivation, for one thing. You can never
touch the effigy. You can watch an attacking African lion and still wonder if
you remembered to turn off the car lights. The person in the next row might
have an annoying nervous cough. You might be aware that the floor under-
foot is sticky from spilled soft drinks.
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Specialists in stereoscopy, those who have taken the trouble to write
down their thoughts, are extremely concerned with the concept of ortho-
stereoscopy. Yet people who write about the technical aspect of convention-
al photography or filmmaking are not as concerned with the companion
concept of presenting the spectator with an orthoview in terms of perspec-
tive. One of the conditions of orthoscopy, namely the relationship V = Mf,,
is also the orthoperspective relationship.

Art, especially the visual arts and the cinema in particular, is not iso-
morphic with visual experience. There is a great deal in common between
the visual world and its photographic counterpart, but the two experiences
markedly depart from one another. It may well be that art expresses itself
most clearly in these departures, which one is free to call distortions.

No one writing about planar filmmaking suggests that audiences will
become uncomfortable when wide-angle or telephoto views are projected.
The image is a distortion, but audiences discount this or have become so
accustomed to the effect that they readily accept the image as a natural part
of the experience of the cinema.

But stereoscopists seem to have become obsessed with this point out of
all proportion, if you will forgive the expression, to its merit. Perhaps this is
closer to the truth: People have so little experience looking at stereoscopic
images that it is possible that they can be annoyed by these departures from
orthoscopy. We are at a time when audiences are not familiar with stereo-
scopic conventions.

In ““The Shape of Stereoscopic Images” (1941b), Rule details a gecomet-
rical approach for evaluating distortions of stereoscopic images by develop-
ing functional relationships between camera and viewing or projection vari-
ables. Photographers might find the geometry difficult and the arguments
obscure, based on the assumption that perceptual space can be described by
Euclidean geometry, but this treatment might be helpful to psychologists
who want to test and measure departures from these predictions, in order to
learn something about the nature of perceptual space.

Of far greater interest to us is Rule’s “The Geometry of Stereoscopic
Projection” (1941a), probably the seminal work in the field. Rule comes
from a tradition in which parallel lens axes for taking and projection were
considered de rigeur. Implied in Rule’s approach is that the parallel system
is the method employed by the purist.

In the parallel scheme, the lens axes of both camera and projector are
always parallel. It is sometimes expedient, in the parallel scheme, to depart
from strictly parallel placement of the projection lens axes and to use effec-
tive parallel projection by maintaining the distance of homologous infinity
points at the average interocular spacing. Such a situation could arise with
dual projection when the physical size of the projectors prevents them from
being set close together.

In parallel projection, the homologous infinity points are always spaced
at the interocular distance. And no matter what size screen is used, or how
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large the image is magnified, the homologous points for infinitely distant
objects will always be so maintained.

The most curious aspect of parallel projection is that the larger the
screen employed, the farther the effigy moves in front of the stereowindow,
or plane of the screen.

The left-hand portion of Figure 4.5 illustrates the geometry of photogra-
phy. The photographic plate is shown to be in front of the lens for simplicity.
Cube ABCD is being photographed by a stereocamera with lenses whose
interaxial distance, e, is equal to the interocular, and f is the focal length of
the lens.

The drawing on the right gives the case for parallel projection of the
cube’s image. Various screen sizes for given magnifications are illustrated.
When the magnification is M = 2, then the front edge of the cube is in the
plane of the screen. As we go to larger screen sizes, with correspondingly
greater values for M, the cube is brought in front of the plane of the screen.
4
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G, 1. Parallel projection.

4.5. Parallel projection. Object on left, image on right. The photographic plate
with image points A,C; and AgCp is placed in front of the lenses, to simplify the
drawing. When the cube ABCD is projected on a screen at a magnification of 2
(M = 2), then the front edge, AB, is seen in the plane on the screen. When M =
6, the edge AB is seen to be one third of the way from the eyes to the screen. As
magnification is increased, objects come forward on the screen if parallel
projection is maintained. (Rule, Journal of the Optical Scciety of America,
Volume 31:325-34, 1941. Reprinted by permission.)
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Rule derives this formula, whose purpose is to enable the photographer
to place the desired object in the plane of the screen, by suitably reducing
the interaxial distance:

Wed
sf

The reader will recall that this relationship was introduced earlier, on
page 127 in connection with the work of Norling. The notation here is slight-
ly different. Whereas Norling used [ for interaxial and W for frame width,
Rule uses T and w, respectively. As shown, we may write this equation in
terms of frame of linear magnification in the form

ed
T ="

In other words, for a given screen size or magnification of the image as
the projection variable, we can calculate for the camera variables of focal
length, format size, and distance from the lens to the near object, an interaxi-
al setting that will place our near subject in the plane of the screen. The
image, if too far in front of the plane of the screen, could produce serious
eyestrain in cases of large values of screen parallax, because of a breakdown
of the accommodation/convergence habitual response, or because the near
object is cut off by the surround (see page 220).

This imposes a serious practical photographic difficulty. It requires
cameras that can substantially diminish their interaxial distances to create a
corresponding reduction of screen parallax, which may not be able to sup-
ply an ample stereopsis cue. In other words, markedly reduced interaxials
may produce images that look flat.

The relationship T = wed/sf has been erroneously quoted out of Rule’s
context as a means for predicting the interaxial. But specifically it refers to
the parallel scheme, and the value for the interaxial predicted this way only
specifies that the near object will be placed in the plane of the screen. It does
not guarantee that the object will be correctly represented stereoscopically.

Rule gives his derivation of the basic depth range relationship, which
has already been given (page 133), for what he calls nonparallel projection
(and what | refer to as the CLA or crossed-lens-axes system). Rule underval-
ues the CLA system, believing that it causes serious geometric distortions, a
view | have discovered is still shared by some contemporary workers.

While the parallel projection system always results in a constant value
(nominally the interocular distance) for the separation of distant homologous
points, regardless of the size screen employed, the CLA system will present
increased separation for homologous distant points as the screen size in-
creases. In fact, for CLA, all screen parallaxes, both positive and negative,
will vary in direct proportion to M. Only object points at the plane of the
screen will retain their constant value of zero parallax.

While parallel projection will result in an image with constant values
for the maximum positive screen parallax for any size screen, the stereowin-

T =

* See errata li
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dow—made up by the borders provided by the two frames—recedes, and
objects are brought forward out of the plane of the screen as the size of the
screen is increased. On the other hand, no matter what size screen is used,
CLA projection maintains the important compositional constancy of the ste-
reowindow (the screen surround itself) so that the filmmaker can specify
which portion of the shot will be in front of the screen and which behind, or
in language | prefer, which portions of the shot will be in theater space and
which in screen space.

For the case of CLA photography, a film shot for a screen 10 feet wide
that would have maximum positive screen parallaxes equal to the interocu-
lar (say, 65 mm) will have, on a 20-ft-wide screen, maximum values for
screen parallax of twice the interocular, or 130 mm. This will produce diver-
gence for distant image points.

There are some experts, Rule among them, who feel that divergence, or
the turning outward of the eyes, which does not occur naturally in human
vision, should not be allowed in stereoscopic projection. There is evidence
to support their position, and it is easy to demonstrate that divergence can
cause eyestrain. Therefore the parallel projection system, which, when
properly executed, will always avoid divergence, has a strong appeal. How-
ever, some slight degree of divergence is permissible; others argue—and |
agree—that the advantages of the CLA system far outweigh the conse-
quences of increased parallax and divergence for larger screen sizes.

One possible approach with the CLA system is that films can be shot for
a maximum screen size so that projection on a smaller size screen would
reduce parallax and produce no divergence. And, while the absolute values
in terms of screen parallax may sound horrendous, the most meaningful
measure is retinal disparity, or the more easily handled and entirely equiva-
lent quantity of angular measure (actually a simple trigonometric function of
the value of the screen parallax and distance from the screen). Since people
sit farther away from large screens, the effects of large values of parallax are
minimized.

Before leaving the work of Professor Rule, | would like to cover two
additional points. Rule, in the context of parallel projection, stressed the
importance of the relationship V = Mf, and pointed out that this equation
could be used as a guide for predicting optimum seating for fulfilling the
orthostereoscopic condition.

Rule also identified (1941a) a cause for what stereoscopists usually call
by the pleasantly descriptive term cardboarding. This is a frequently ob-
served condition in which “objects appear to lie in planes at different
depths, [but] they themselves appear flat.”

If a stereograph is taken with an interaxial of, say, 63 mm in Rule’s
example, or taken so that it is meant to be viewed by an individual with an
interocular of 63 mm, someone else with an interocular of 70 mm will see
an apparent compression in depth of the effigy. Rule demonstrates this with
a drawing (Figure 4.6) that shows how this will take place for squares com-
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pressed into trapezoids. It seems intuitively evident that scenes shot with a
certain interaxial, when viewed by an individual with a larger interocular,
will appear to have reduced depth, and naturally enough, the converse
ought to be true.

Others have explained the causes of cardboarding in other ways. Spot-
tiswoode et al. (1952) claim that it arises from projected images that have
maximum screen parallaxes less than the interocular. | have also observed
that the use of lenses of longer focal length, without extended interaxials,
produces cardboarding. The explanation for this, probably best given by
MacAdam (1954), is that stereopsis is scaled to extra-stereoscopic, or mo-
nocular, depth cues in general and to perspective specifically. Long lenses,
as will be familiar to many photographers, tend to compress perspective and
“flatten out” a scene. Hence the resulting cardboarding.

Daniel Greenhouse, a visual psychophysicist and stereoscopist, has
told me that flat lighting and the inability to incorporate motion parallax in
stills contributes to the cardboarding effect.

The example of the mismatched interocular and interaxial given as a
cause of cardboarding is one further reason to be suspicious of the philo-
sophical basis of the doctrine of orthoscopy. In actual practice, the condition
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4.6.Cardboarding. When interocular (70mm) of observer exceeds interaxial
(63mm) of the stereograph. (Rule, Journal of the Optical Society of America,
Volume 31:325-Volume 34, 1941. Reprinted by permission.)
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can be fulfilled only for those few people with an interocular separation that
exactly matches the interaxial separation used in photography. For everyone
else, there can never be an orthoscopic view. Orthoscopy is even more
difficult to achieve than has been indicated. From the consideration of per-
spective alone, as we have discussed, an orthoview is out of the question for
all but one theoretically perfect seat in the house. We can also intuit that the
camera interaxial must be equal to the interocular of the viewer, and as
mentioned, the values for maximum positive screen parallax must be equal
to the viewer’s interocular. These last two conditions limit the geometrically
correct view or orthoview, to a handful of people in any given audience.
Chosen from this handful, one lucky person must be selected to sit in the
seat determined by V = Mf,.

A successful system of stereoscopic photography, while mindful of the
orthoscopic conditions, should not slavishly adhere to these constraints, for
they will create impossible limitations. It is better to do pleasing photogra-
phy than theoretically perfect photography, especially when the axiomatic
basis of the theory is suspect.

SPOTTISWOODE ET AL.

The work of Raymond Spottiswoode, Nigel L. Spottiswoode, and
Charles Smith, published in the Journal of the Society of Motion Picture
Engineers (1952) and then in a book by the Spottiswoodes alone, The The-
ory of Stereoscopic Transmission (1953), was meant to be the foundation for
all subsequent work in the field. If the authors’ intentions had been fulfilled,
the theory would have provided basic information for designers of stereo-
scopic apparatus, for technicians in the film industry, and for filmmakers.

Here is a fully developed mathematical system using elegant and pow-
erful techniques—even if essentially limited to the applied mathematics of a
sophomore science major (as in fact is the mathematics in most scientific
papers)—accompanied by a highly articulate and persuasive text. Raymond
Spottiswoode was a noted authority on motion picture technology when he
became the director of the Festival of Britain’s Telekinema. As a result of this
involvement with the stereoscopic cinema, Spottiswoode realized that the
form was in a tentative state.

His goal, shared by his colleagues and coauthors, was to enunciate the
underlying principles of stereoscopic transmission, to turn a puzzling sub-
ject—undeveloped and with spotty literature offering contradictory ad-
vice—into a coherent system based on a single general equation that yield-
ed physical variables and functional relationships in very much the same
way that Maxwell’s equations codified electromagnetic theory. From their
general equation, approximately eighty further functional relationships were
developed. This rich theory of stereoscopic transmission, based on simple
geometrical postulates, might be able to explain a number of curious obser-
vations as well as offer practical advice. What more could one ask?
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Because the system of Spottiswoode et al. is developed more fully and
expressed at greater length than any of the others, more abridgment of their
exposition was necessary. As usual, 1 will present my own comments as
well. I may not have clearly separated them from the summary, so | suggest
that the interested reader return to the original sources.

The basic assumption of the system is that the eyes function like range-
finders and gauge depth by triangulating or converging on objects in space.
Psychologists call this a projection theory of stereopsis, and as has been
mentioned, it was first proposed by Kepler. Closely tied in with this assump-
tion is the use of Euclidean geometric postulates as the axiomatic basis of the
mathematical system. In essence, a straight line in a Euclidean space is one
in which s, the shortest distance between two points, in a coordinate system
where x, y, and z are distances measured along the three mutually perpen-
dicular axes, can be described by the relationship (attributed to Pythagoras)

s2 =x% + y? + z2%

It is difficult to persuade most people, since it flies in the face of com-
mon sense, that the Euclidean description of space is a purely arbitrary but
useful construct. However, Euclidean geometry does not describe events on
a cosmic scale. This is one of the modern additions to our understanding of
the universe, proposed by Einstein in his theory of special relativity. More
about this in the context of Hill’s use of Luneberg’s work.

The two implicit assumptions of the Spottiswoode transmission theory
are that convergence of the eyes is a depth cue and that local space, or
perceptual space, may be described in terms of a Fuclidean metric. Both
assumptions are demonstrably false and have been shown to be false in
repeated experiments by psychologists specializing in depth perception. At
the time of the writing of the Spottiswoode et al. theory, this was well
known, and Spottiswoode et al. acknowledge it. Nevertheless, they insist
that their concept is basically correct, and in view of the fact that a true
description of the nature or geometry of perceptual space was wanting (and
is still wanting), they would plunge ahead and do the best they could, hop-
ing that their work would be sufficiently flexible to stand future modifica-
tion.

On purely teleological grounds, one must seriously question a theory
built on fundamentally incorrect postulates. Of course, the test of theory is
utility; if the system is useful and predicts the physical situation accurately,
then fundamental principles be damned.

The pregnant nature of the stereoscopic cinema offers us an unusual
opportunity to study the interrelationship between technology and esthetics.
Art forms are based on technology, in terms not only of mastery of craft and
materials, but in the relationship of that mastery to perception. Until recent
years media had ancient traditions. Painting, music, and theater were in-
vented thousands of years ago, printing only a few hundred years ago, and
the cinema was invented only a few years after the birth of my grandfather.
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Certain important aspects of the thinking of Spottiswoode et al. did im-
mediately influence the Hollywood theatrical industry (they advocated the
CLA system, which they called ZCL, for zero center line), but their theory is
only of limited use to the stereoscopic filmmaker. The work of Spottiswoode
et al. occupies one of those unique niches in the history of technology,
valuable because it is ““false doctrine.” It is something to push against.

Spottiswoode et al. first derive and define the nearness factor, V/IP = N,
where V is the distance from the spectator to the screen and P is the distance
from the spectator to the fused image point |—given at the intersection of
rays from the left eye (L) to the left image point /, and from the right eye (R) to
the right image point r, as shown in fig. 3.10. (In the drawing Z is used in
place of P, and vice versa. In my nomenclature, P is screen parallax, and Z is
the distance to the fused image point. In Spottiswoodes’ Z is parallax and P
the distance to fused points.)

We should note that uncrossed screen parallaxes, Z,, which produce
the sensation of an image in screen space, have by definition a positive
value, and crossed screen parallaxes, which produce images in theater
space, have a negative value.

In mathematical form, the relationship V/P = N states that the ratio of
the spectator’s viewing distance from the screen to his or her distance from
the fused image point is a constant, no matter what distance the viewer may
be sitting from the screen. If an object appears to be halfway out from the
screen to the spectator when he or she is 10 ft from the screen, it will also be
halfway out when he or she is seated 20 ft from the screen. Another way to
put this is that the shape of the image becomes elongated in proportion to
distance.

For the case where P = » then N = O and Z, (screen parallax) = t (the
interocular). The image then appears at infinity. For the case where P = V
then N = 1 and Z; = 0, the image is in the plane of the screen. For the case
where P = V/2 then N = 2 and Z, = —t. This corresponds to the image being
halfway out from the screen.

Spottiswoode et al. have decided that the best possible stereoscopic
presentation is what they call the zero center line (ZCL) system—what | have
been calling the crossed-lens-axes (CLA) system—in which projectors are
aligned so that identical prints projected by left and right machines will
appear in perfect coincidence on the screen. Theirs, the clearest exposition
of the virtues of this system, was probably influential in establishing it as the
theatrical standard in the early 1950s.

It is interesting to note that although the exposition of the system is
based on the assumption that the polarized-light method for image selection
will be employed and that spectators will be wearing glasses, there is noth-
ing inherent that would prevent it from being equally applicable to autoste-
reoscopic systems, in which selection takes place at the screen rather than at
the eyes of the beholder.

* See errata list
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A new unit of distance is established called the rho, defined as

6,000
distance in inches

distance in p =

A metric rho is also defined, although the actual units used in the exposition
are as given above. Reciprocal distances are employed because of the form
of the depth-range equation (see page 114) and the arbitrary multiplying
factor of 6000 is chosen to give convenient values for rho.

The concept of depth content, or the range in space that the image
occupies, is as follows: If there is a difference in nearness factor of 2 be-
tween the nearest and furthest parts of the image, for example when N = 0
(this describes the far plane) and N = 2 (N (an image halfway between the
screen and spectator), then we write AN,. It is important to realize that AN,
might also express the depth content of a scene that ranges from N, to N,
where the image would extend from the plane of the screen to 2/3 the way
out.

The general equation is derived in this form:

Ap
C -8Bp
where the distance P of a fused image point is given in terms of p, the
distance from the camera to the original point, and in terms of three fac-
tors—A, B, and C. The A factor is Vt, a function of the spectator and his or
her distance from the screen (t without a subscript represents the interocular,
with the subscript c—for camera—the interaxial, and with the subscript p,
the distance between the projection lenses). The B factor is determined by
lens convergence, and in its simplest form

P =

B=mzs_t

where ® z, represents the screen parallax for an infinity point and t is the
interocular. ‘B is the excess of screen parallax of a point originally at infinity
over the separation of the human eyes.”

Spottiswoode et al. favor only the condition in which B = 0, although
in some special cases they will allow B to be negative. In other words, diver-
gence is never allowed. Divergence would come about when the value of
% 7, is greater than t, so that B would be positive. They define the following
classes of ““B-ness’’:

1. When B = O, the ortho-infinite class, the proportions of the image are
linear and the infinity points are correctly represented.

2. When B is positive, the hyper-infinite class, the image is presented in a
nonlinear fashion (compressed), and objects short of infinity are repre-
sented to be at infinity.

3. When B is negative, the hypo-infinite class, the image is nonlinear; card-
boarding results, and objects at infinity are represented closer than infini-

ty.

* See errata list
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The C factor of the general equation is made up of variables that deter-
mine screen parallax for an object at a given distance from the camera:

C = Mfct,

Thus C is the product of magnification, focal length of the camera
lenses, and interaxial separation. As each increases, so does the screen par-
allax.

The depth-range equation is then

NtK
Dy — D, C
‘where D is in the reciprocal unit rhos and K is the rho constant, which for
inches is 6000.

The transmission theory provides certain objective tests of image distor-
tion. Two are classified under the heading of stereoscopic magnification:
depth magnification, mg, and width magnification, m,,. A third distortion is
called binocular magnification, m,.

Stereoscopic magnification is defined as the ratio of the stereoscopic
image size to the real object size. The two types of stereoscopic distortion

are
_ Ve (B )
Ma = ‘Mt (Nt t 1)

t (B
Mo =7, (Nt+1)

The shape ratio u is defined as

Mg
=
Binocular magnification is
Mfet,
Mo =V

The British authors claim that stereoscopic magnification and binocular
magnification may be perceived as separate entities by trained observers
and that some spectators are more sensitive to one than the other.

A circular slide rule device, the Stereomeasure, was built to coordinate
the camera variables so that a cinematographer (or stereotechnician, the
term used by the authors) might rapidly set up a shot for projection on a
given fixed-size screen. The assumption is that the cinematographer would
prefer to select the focal length, as is usually the case, and that the other
parameters would follow as a result.

The technician need not understand the theory’s derivation but could
rely on the Stereomeasure and on experience. While the theory might be
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criticized on the basis of its sheer complexity, which is only hinted at here,
the Stereomeasure eliminates complex calculations and the need to select
the appropriate relationships.

But there is no getting around the fact that we are dealing with a com-
plex system, which probably cannot be grasped without both mathematical
training and filmmaking experience. A good understanding of the psycholo-
gy of depth perception would not hurt either.

As a formal exposition, the system is hard to fault. It is a thorough job,
elegantly executed, even if at times the elegance tends to conceal rather
than illuminate. The use of A, B, and C factors, which appear in various
relationships, is confusing. Instead of clarifying the physical significance of
the system, these factors, it seems to me, obscure what was going on.

In their introduction (1953), the authors explain that they are not en-
gaged in esthetic arguments but rather in questions of a technical nature.
This point of view is really difficult to take seriously, since this is an exposi-
tion of the techniques of an art form. Yet this attitude may well have perme-
ated their approach and led to substituting rigidity for common sense.

They make a clear exposition of the orthostereoscopic condition and
specify it with greater clarity than earlier writers. The condition for ortho-
stereoscopy or geometric congruence occurs when

B =0, t. =t and V = Mf,

In other words, screen parallaxes must be equal to the interocular, the inter-
axial for photography must be set equal to the interocular, and the size of an
object’s image as projected on the retina must be the same as it would have
been if viewed in “real life.”

Whether or not this system is easy to understand has relatively little to
do with its basic correctness. There are no guarantees that the universe is
explicable—or, if explicable, simple. The system is difficult to understand
without a background in the physical sciences or mathematics. Its complex-
ity would not interfere with its utility in the context of equipment design, or
in the solving of problems connected with optical printing. But the exposi-
tion and difficulty of the concepts make the theory inaccessible to filmma-
kers.

Another grave problem is the use of reciprocal units. | cannot believe
that most people would ever get used to such a system, and the simplifica-
tion in formalism that results from this choice is offset by unpleasantness in
the field. Extreme reductions for interaxial spacing are often called for,
which, apart from camera design problems, would in my view lead in many
cases to images without satisfying stereoscopic depth. The need for reduced
interaxials arises from the exclusion of divergence for infinity or distant
points. (There is a similarity here compared with Rule’s disallowal of diver-
gence in the parallel projection scheme.)

The authors propose that much of the image might be placed in front of
the screen, in theater space. In order to accomplish this, they suggest the

* See errata list
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addition of a stereowindow printed on the film itself, so that the limitations
of the screen surround might be circumvented by providing a window
whose boundaries actually have negative parallax. (This suggestion is simi-
lar to the practice followed by still stereographers in the mounting of stereo-
graphs for projection.) This proposal is a consequence of not allowing diver-
gence for distant points in an effort to extend the depth range of the shot.

The difficulty with this suggestion is that a great range of screen paral-
laxes, or AN, especially those with negative values, would tax the habitual
accommodation/convergence response to the very limit. Moreover, printed-
on stereowindows will reduce the width of the screen, and this is further
aggravated by psychological factors that tend to diminish the size of the
image when brought forward, at least according to some accounts (R. Spot-
tiswoode himself, in a change of heart in 1969 in The Focal Encyclopedia of
Film and Television, p. 775).

It is not at all certain that uniformly good results would be produced
from following recommendations prescribed by this system, since not only
are its axiomatic bases (that the eyes locate objects in space by convergence)
suspect, but also the authors have, for the most part, left out any consider-
ation of the effects of extra-stereoscopic cues. These monocular cues, which
are essentially beyond numeration, have so heavy a scaling effect on stere-
opsis that they cannot be omitted.

It can also be demonstrated that entirely adequate, and even pleasing,
depth effects for very distant objects can be supplied with what is called a B
minus or negative system. It is not necessary, or even desirable, to have
screen parallaxes made equal to the value of the interocular for photography
of distant vistas, for example. Values for screen parallax of one half or one
third of the interocular give better results, since distance in such a case is
gauged in terms of monocular cues. Such reduced values for screen parallax
help prevent the breakdown of accommodation/convergence and reduce
eyestrain.

In summary, the major problem with the Spottiswoode system is that it
is very difficult to think in its terms. The formal construction of the theory
ultimately precludes its comprehension by people conversant with the tech-
nical aspects of filmmaking, and as far as | know no one outside of the
Spottiswoode group ever used this transmission system to film a motion pic-
ture. Perhaps this quote from the shorter journal version (1952) will make
this clear:

If the director says that he wishes an actor seated at a table to be repre-
sented at N = 0.5, while another’s hand must come out from the screen
three-quarters of the way toward him. The concept of the nearness factor is
easily grasped, even by studio personnel to whom the rest of the stereo
shooting procedure remains something of a mystery; but it affords the con-
nection of ideas most necessary to establish between director and ste-
reotechnician. (p. 253)

* See errata list

Legend3D, Inc. Ex. 2009-0147
PRIME FOCUS V. LEGEND3D

IPR2016-01243



TRANSMISSION SYSTEMS: CLASSICAL DEVELOPMENTS 147

Having known a few directors, | believe it is no underestimate of their
talent to say that in my wildest dreams | cannot imagine one calling for a
table at N = 0.5. If this is ““the connection of ideas’’ to bridge the gap be-
tween creator and technician, something is terribly wrong.

In the fifteen years following the publication of his transmission system,
Raymond Spottiswoode came to realize that this major intellectual effort
was not to influence others and provide the basis for a flourishing ste-
reocinema. His tone was pessimistic and discouraged by 1969:

Even if this were done [technical progress of an improbably high order],
it is improbable that the resulting three-dimensional picture would provide
a sufficiently increased realism or entertainment value to warrant its extra
complexity. 3-D films may play a minor role in the scientific world as they
continue to do in that of the still photograph, where they can offer perfect
realism for a single viewer with relatively simple equipment. Only the fur-
ther development of holography will show whether an extra measurable
dimension justifies itself commercially in terms of added entertainment val-
ue. (p.775)

Nevertheless, the work of Spottiswoode et al. helped to lead to an un-
derstanding of a number of key points: the virtues of the crossed-lens-axes
system and the full advantage of camera variables in controlling the shape of
the stereo image and the depth range of a shot.

POLAROID

The Polaroid Corporation quite obviously had a vested interest in help-
ing photographers achieve good results with stereoscopic photography and
projection. Kitrosser (1953) described the Polaroid Interocular Calculator,
based, so it seems, on the work of Rule and experimentation done at Polar-
oid. The Interocular Calculator (which might less confusingly have been
named Interaxial Calculator) correlates the width of the projection screen or
print with negative width, interaxial distance, focal length, and near and far
distances permissible without displaying excessive convergence or diver-
gence. A distinction is made between focal length and lens-film distance,
which in most cases are very nearly equal. For what might best be described
as extreme closeups, the lens-film distance will exceed the focal length, and
that figure ought to be used as the basis for calculations.

The variables of the Polaroid Calculator are arranged on circular scales,
and with a little practice a photographer can quickly determine the permissi-
ble depth range for a given camera setup, or starting with a depth range
requirement set up the desirable camera variables.

The Calculator is a useful device and can help avoid the eyestrain
caused by excessive distance between homologous points with negative or
positive parallax values. However, it does not take into account extra-stereo-
scopic cues, such as perspective. In order to increase the depth range of a
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shot, it recommends the proportional reduction in interaxial. This will elimi-
nate eyestrain caused by excessive parallax values for distant or very close
homologous image points, but strict adherence to this advice will result in
photographs that lack full three-dimensional depth.
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4.7. Polaroid Interocular Calculator. (Courtesy of Polaroid Corporation)
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chapter 5

Transmission Systems:
Modern Developments

NATURAL VISION

The Natural Vision System grew out of Hollywood scriptwriter Milton
Gunzburg’s attempt to find the proper medium for his story ‘‘Sweet Char-
iot.”” The script called for shots of automobile engines, and tests in the usual
planar process were disappointing.

julian Gunzburg (1953), an opthalmologist and devoted amateur ste-
reographer, suggested to his brother that the film be shot in 3-D. The Gunz-
burgs employed the services of cameraman Friend Baker, who designed a
rig that would hold two facing Mitchell studio cameras, shooting into a pair
of mirrors set at right angles to each other—45-degree angles to the lens
axes—an arrangement similar to Dudley’s rig for the Festival of Britain. They
must have shot tests with their stereocamera in order to demonstrate the
system, but “Sweet Chariot” seems to have been abandoned.

The Gunzburgs succeeded in selling their idea to independent producer
Arch Obler after having been turned down by major studios, and in Decem-
ber 1952 the film Bwana Devil was released in Natural Vision. This started
the great Hollywood 3-D craze, and soon major studios were filming in the
Natural Vision process itself, or in any one of many similar systems of inter-
locked cameras.

The hardware, the camera, for such a system is virtually useless without
the software, or information needed to do good photography, and Julian
Gunzburg served as technical consultant on the set for a number of major
studio films.

Gunzburg rejected the notion of controlling the depth range of the sub-
ject by varying, usually reducing, the camera interaxial. He also preferred
the crossed-lens-axes system and decided on a fixed interaxial of 3.5 in., no
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matter what focal length was employed. Gunzburg felt that the long focal
lengths used for studio work would profit from the increased depth effect to
be obtained by an increased interaxial separation. Focal lengths for the Nat-
ural Vision camera varied from 35 to 100 mm. (For equivalent 16mm focal
lengths, divide by 2; for super 8, by 4.)

Gunzburg argued that by fixing the interaxial he was following nature’s
practice, which keeps the human interocular fixed. Variations to the interax-
ial, he reasoned, might produce camera misalignment, leading to ‘“Chinese”’
parallax, or vertical disparity, which has no depth content and can only
produce strain.

Gunzburg advocated the use of variable convergence during the shot.
He stands alone in all of the literature with this idea. It is interesting to note
that the cinematographers at Universal, with their own rig, used this kind of
variable interaxial during shooting. Let me make this clear: The use of con-
vergence to establish the subject in the stereowindow, or the plane of the
screen—or to control the depth content of the shot so that compositional
elements appear either in screen or in theater space—was accepted. It is this
variation of the convergence control during photography that is the most
interesting aspect of the Natural Vision System.

5.1. Natural Vision camera. (Gunzberg, ‘“The Story of Natural Vision,” American
Cinematographer, Volume 34:612-6, 1953. Reprinted by permission.)
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Suppose the camera dollies in to the foreground subject during a shot. If
the camera lens axes are crossed at the subject at the start of the shot, they
will be crossed behind the subject at the end of the shot and the subject will
be placed in theater space. But by continuously varying the convergence
control (like “riding” the focus control) so that the foreground subject re-
mains in the plane of convergence, the subject will remain at the stereowin-
dow, or in the plane of the screen if you prefer, throughout the entiré shot
during projection. Gunzburg argued again that he was taking his lead from
the way in which the human eye functions. After viewing Hollywood films
of the period using Gunzburg's variable-convergence method (which he
called the variable-parallax method, to distinguish it from Rule’s variable-
interaxial method), | can say that it can work very well indeed. Old hands at
stereography, or those with a conservative streak, might find it to be a viola-
tion of established procedure, but it is quite an enjoyable effect to observe.
In many instances, if handled with skill, the effect can be concealed. During
a pan, for example, we can start with one convergence setting and end up
with another. | consider this a genuine contribution to the art.

| used the technique in the feature film, Rottweiler, photographed with
my organization’s system, known as the Future Dimensions process. Filmed
in the summer of 1981 in North Carolina, we followed convergence on just
about every dolly shot in the picture. The results are completely unobtrusive
and helped maintain adequate depth range in many difficult situations. In
fact, just about any camera control that can be varied in the appropriate
circumstances ought to be varied. This is true for focal length, interaxial, and
convergence, and | believe that advanced stereo motion picture cameras
will someday allow all these parameters to be controlled by the cinematog-
rapher, or perhaps by an on-board computer.

However, | find a fixed interaxial set at 3.5 in. (about 86 mm) to be a
grim restriction, probably motivated more by mechanical and optical limita-
tions of the Natural Vision rig than any other factor. Nevertheless, after it had
been debugged, the Natural Vision camera produced good results.

For studio photography, | can see how Gunzburg’s system could get by
with one fixed, and somewhat longish, interaxial. Portraits and medium
shots with a 3.5 in. interaxial should appear acceptable, and control of the
divergence of background points can be manipulated at will by simply ad-
justing the distance between performers and background. In documentary
work, or when shooting beyond the controlled confines of the studio, a
fixed, extended interaxial would be a decided drawback, since the cinema-
tographer cannot usually control the blocking or environment to the same
extent as theatrical filmmakers.

Gunzburg also accepted a total divergence of 1° for background homol-
ogous points, which is in agreement with the systems proposed by Hill,
MacAdam, the Soviets, and the author but in disagreement with the systems
of Rule and of Spottiswoode et al.
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Since he was an eye physician, Gunzburg asked these interesting ques-
tions about stereoscopic vision: What percentage of the people have binoc-
ular vision? What percentage will see a stereo picture as a flat picture? What
percentage of the people might be expected to be actually disturbed or dis-
tressed by the stereo picture? Would stereo do any harm to any viewer?

According to his research, Gunzburg reports that perhaps less than 5
percent of the population will be uncomfortable watching the stereo picture
because of a variety of eye defects: ““aberrations in the focusing apparatus,
abnormalities in fusion functions, imbalance between the eyes in refraction,
image size, celor balance, and, of course, pathological conditions” (p. 612).

He estimates that “‘perhaps only 75 percent of the population have so-
called normal binocular vision; but the percentage of viewers who would be
aware of the stereo effect and benefit from it might bring the total percentage
to well over ninety percent” (p. 612).

Gunzburg felt that if many of these correctable eye defects were treated,
viewers would then be able to appreciate stereo films. Stereo films can actu-
ally alert viewers in need of treatment, and he further believed that stereo
films can provide a valuable form of eye-training exercise.

Practically speaking, though, the Natural Vision and other similar dou-
ble-band systems—because of errors in photography or projection—often
produce serious eyestrain for many people with normal vision and, far from
being a service to those with defects in vision, turn out to be an irritant to just
about everyone.

HILL

The Hollywood motion picture industry spends relatively little on re-
search. Technological improvements have often come from beyond the or-
bit of the major studios, as was the case for sound, color, and wide- or giant-
screen projection.

The Motion Picture Research Council, now defunct, was the major ex-
ception to Hollywood’s short-sighted indifference to improving motion pic-
ture technology. The council, originally part of the Academy of Motion Pic-
ture Arts and Sciences, became a separate entity devoted to aiding the
Hollywood studios in 1947. It investigated lighting, rear projection and trav-
eling matte procedures, a number of other technical matters, as well as stere-
oscopic transmission.

The Council’s transmission system was the work of Armin J. Hill (1953),
and Dr. Hill’s circular calculator was offered to the industry to help the
cinematographer come to grips with the problems of the new medium.

The mathematical treatment employed by Hill is quite a bit more diffi-
cult than anything else encountered in the literature, primarily because
Hill’s work is based on Luneberg’s hypothesis (1947) that perceptual space
can be described by a non-Euclidean metric.

Although | am in no position to argue with the mathematical manipula-
tions of Hill’s system, implicit in his work are two assumptions that warrant
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examination. Hill’s contribution is based on the variable object magnifica-
tion, rather than frame magpnification, as is the case for other systems, nota-
bly the Spottiswoodes’. Object magnification is the ratio of the projected
image size to the size of the original object. For example, a man 6 ft tall is
photographed and the image is projected on a screen so that it is 12 ft high.
The object magnification, or M value, according to Hill, is 2. Object magni-
fication is dependent on frame magnification, since the greater the frame
magnification the greater the size of the object’s image. (For the exact func-
tional dependence, see page 171) Hill assumes that image distortion is di-
rectly related to object magnification, and bases his work on this assump-
tion. ““One of the most noticeable effects when stereoscopic pictures are
projected on a full-sized theater screen contrasted to their projection on the
comparatively small screens used in amateur photography is the distortion
in any subject matter which comes forescreen’” (p. 468).

\
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5.2. Hill’s circular calculator. (Hill, 1953b. Reprinted by permission of American
Cinematographer.)
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Hill is wrong to attribute the distortion to object magnification. He may
be confusing distortion with excessive screen parallax caused by large-
screen magnification. In any case, | have not observed the effect he de-
scribes. The important variable is probably the size of the retinal image.
People sit farther away from large screens than from small screens, and an
image 1 m wide viewed from 3 m away will cover the same portion of the
retina as an image 2 m wide viewed from 6 m away. Object magnification in
itself cannot determine the distortion of an image.

Using straightforward Euclidean geometry, Hill derived the equation:

1

_ P
P=m+m-—1np

Here p is the distance or nearness ratio, and m is the ““reduced’’ magnifica-
tion given by m(b/e) where m is object magnification and b/e is the ratio of
interaxial to interocular distance. Distance (or nearness) ratios are similar to
the Spottiswoodes’ nearness factor and are related in the following way:

Hill’s distance ratio Spottiswoodes’ nearness factor
infinity 0
1 1
-0.5 2
-0.8 5

Next Hill translated these results into a modified bipolar coordinate
system, which made it easier for him to transform the results using Lune-
berg’s metric,

ds? = csch? y (y+p) (Y?d*y — dg? — cos? gd©?)

As a point of reference for the mystified reader, the metric of Euclidean
space is given by the following familiar Pythagorean relationship expressed
in the Cartesian form:

ds? = dx® + dy? + dz?

Hill then graphically plotted results using his relationships as trans-
formed by the Luneberg metric to study the distortion inherent in photogra-
phy, given a certain distance from the object compared with image distor-
tion.

He then states the following relationship for interaxial setting:

b=elCp+alp,—a

Here G is what he calls the “gigantizing” factor, determined empirically and
related to object magnification. The circular calculator designed by Hill is
based on these theoretical and experimental results.

I must point out that Luneberg’s hypothesis remains unproved, more
than three decades after publication. Although there does seem to be gen-
eral agreement that perceptual space and Euclidean space differ, a survey of
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the literature indicates that the discipline of perceptual psychology, or spe-
cifically that portion devoted to the study of stereopsis, has generally passed
over Luneberg’s work. Whereas Luneberg suggests one particular family of
possible metrics, specifically Lobachevskian saddle-shaped space, to de-
scribe perceptual space, there is some evidence that another class of metrics
may provide a more accurate description.

In particular, Batto (1977) argues that perceptual space is best described
not by the Lobachevskian but rather by the Riemannian model. The impor-
tant point about all of this for stereoscopists is that the basis of Hill’s system
is suspect.

One approach is to bypass all this hocus-pocus and try to make Hill’s
calculator work by doing some photography. It was a relatively straightfor-
ward job to photostat a reproduction of the calculator and recreate the de-
vice by mounting the copies on card stock. A cursor was made out of cellu-
loid, and then the various parts were joined with a brass roundhead fastener.
Despite this effort, | could not get useful results from the device, probably
because the gigantizing factor G had been calculated for the 35mm format
and because the object magnifications for theatrical screen sizes are about
seven times greater than those encountered in my work on screens from 1 to
1.7 m wide. It may well be that Hill’s calculator did help cinematographers
of the 1950s. | simply have not been able to verify this.

THE NON-EUCLIDEAN NATURE OF PERCEPTUAL SPACE

The object of this study is to aid in creating easy-to-view and pleasant-
to-observe stereoscopic motion pictures, primarily employing the polarized-
light method of image selection. It is not intended to be a text on the psy-
chology of depth perception, and the discussion of this branch of perceptual
psychology is limited to that which may help unravel the highly specialized
puzzle of transmission theory. Readers seeking a broader understanding of
stereopsis are advised to consult Gregory (1973), Charnwood (1964), Kauf-
man (1974), Ittelson (1960), or the fine bibliography in Rock (1975).

One of the most difficult areas in the study of binocular depth percep-
tion has to do with the nature or geometry of perceptual space, and its rela-
tionship to media such as painting or the photographed image. Spottis-
woode et al., assuming that perceptual space is congruent with Euclidean
axioms, arrived at a certain transmission system, while Hill, adopting Lune-
berg’s tenet that perceptual space follows the hyperbolic geometry of Loba-
chevsky, arrived at an entirely different system. It is necessary to understand,
even in simple terms, the basis of these arguments for a fuller understanding
of the history of stereoscopic motion picture technology.

Leonardo introduced the concept of perspective in his notebooks, ac-
cording to Gregory (1973), as an exercise in geometry. Leonardo considered
the perspective view of an image to be a projection of the spatial objects
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onto a plane surface, specifically a sheet of glass, a technique in the form of
the camera obscura later used by Dutch painters. Leonardo was interested in
considerations that went beyond geometrical perspective, and he added to
his discussion of perspective aerial perspective, the blue haze in front of
distant objects, and shadow and shade. Although specific rules may be laid
down for the geometrical portion of this system, the application of aerial
perspective to painting is quite another matter and defies exact quantifica-
tion.

The rules of perspective are now taken for granted in our culture. First
enunciated by painters, then codified by opticians and cameramakers, it is
still not at all clear whether perspective is a discovery or an invention of the
Renaissance. Do the rules of perspective shed light on innate truths, or do
they present an arbitrary but satisfying system for ordering perceptual space?

We know from the history of painting that at other times in other cul-
tures there were other ways of representing the depth of painted objects.
Chinese perspective placed objects that were supposed to be farther away
higher up in a composition, and retained the constant size. Zulus, who live
in round huts in clearings in deep forests, have trouble interpreting photo-
graphs or paintings that incorporate the rules of Renaissance perspective.

The images projected on the retina more or less conform to the laws of
geometric perspective, but the mind’s interpretation of those images goes far
beyond this easily codified system. At the core of our understanding of stere-
opsis lies this problem: How do these two retinal images, one very slightly
different from the other, become a single stereoscopic view of the world?
How can minute horizontal shifts caused by the slight displacement (65-mm
nominal) of the two centers of perspective be turned into a new sensation,
stereopsis?

A clue to the puzzle is that these left- and right-retinal images, formed
according to the rules of perspective assuming Euclidean space, ultimately
produce a new kind of perceptual space that is not Euclidean.

In my survey of the literature, | cannot find a modern authority who
would disagree with the statement that visual space is non-Euclidean. To
people who are not mathematical specialists nor experts in perceptual psy-
chology, this must seem very peculiar, since the immediate environment as
we know it—the rooms and the streets of our world-—quite clearly reflects
the ordering of space according to Euclidean postulates.

The one readily understandable and pertinent quality of space is the
concept of the shortest distance between two points, defined as the geodes-
ic. For Euclidean space, the geodesic is the straight line, in terms of familiar
Cartesian coordinates:

ds? = dx® + dy? + dz?

where s is the distance between the two points. This is the quadratic differ-
ential form of the theorem of Pythagoras. (Written this way to match Hill and
Luneberg’s form for easier comparison.)
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The shortest distance between two points on the surface of a sphere,
like the earth, is not a straight line but is formed by the intersection of a plane
passing through the center of the sphere with the surface of the sphere itself,
and is the minor arc of a great circle. The shortest distance between two
points on the surface of a sphere of radius 1 is given by the quadratic differ-
ential

ds? = dx? + sin? x - dy?

Since the work of Einstein even little children may be heard to talk
about the curvature of space, which in relativistic terms tells us that the
shape of space is determined by the distribution of bodies, or the mass of
those bodies in space.

Although the Euclidean metric, or rule for the everyday space of a mani-
fold of points, is usually given by the Pythagorean relationship, in the con-
text of what we have just discussed it may seem less peculiar to the reader
now that this is just one arbitrary way of describing space; it is used because
it is convenient to do so. For building houses, laying out city streets, or
constructing furniture, the implied manifold is Euclidean and we accept the
resulting metric of this space—that the shortest distance between two points
is a straight line— and all the other qualities of Euclidean space following
from this, for example, that parallel straight lines never meet.

Through day-to-day use, the Euclidean view and the commonsense
view have become congruent. Therefore it may seem baffling to state that
the shape of visible or perceptual space has been incontrovertibly shown in
repeatedly duplicated experiments to be non-Euclidean. These ‘‘alley”’ ex-
periments, conducted by Ames, Hillebrand, and Blumenfeld, are a variation
of experiments to determine the shape of the horopter. Aguilinus conceived
the horopter, or the location of points in visual space producing retinal im-
ages on corresponding points, to be a straight line. Others, notably Vieth and
Mueller, have shown that a circle or sphere may better describe the horop-
ter. Later technical modifications to the shape of the horopter, taking into
account the location of the nodal point of the eye’s lens and the center of the
eyeball’s rotation, are essentially variations based on the Euclidean mani-
fold.

Today it is believed that corresponding retinal points are not laid out
symmetrically. Because of these asymmetries in the shapes of the retinas
there will be departures from the simple horopter.

The alley experiments are based on lines drawn at right angles to the
horopter. One would expect that subjects asked to order targets in straight
lines would order these targets, more or less, along straight lines. This does
not occur. Since experiments depart significantly from predictions based on
Euclidean assumptions, it is reasonable to assume that perceptual space is
best described in terms of non-Euclidean geometry.

Luneberg, working at the Dartmouth Eye Institute, published his ‘“Math-
ematical Analysis of Binocular Vision”” (1947), based on the experiments of
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Ames—also at Dartmouth—and others who worked on alley experiments.
These showed that the horopter derived from the assumption of a Euclidean
manifold, or simple plane geometry, was incorrect. Luneberg sought to un-
cover the appropriate manifold, or shape of perceptual space, and in doing
so he expressed the metric or rule for that space

ds? = 1 (o%dy? + ddp? + cos® ¢ dO?)
sinh? oy + )

Unlike the usual constructs employed by perceptual psychologists, this
formalization does not explain in terms of a model, like Kepler’s projection
theory. It simply states that perceptual space can be described by this metric.
Presumably the constants in the expression have physical significance.

Whether or not Luneberg successfully achieved his goal is impossible to
say, at least based on a reading of subsequent literature. Following his death,
an attempt to continue his work by Hardy et al. (1953) produced equivocal
results, with the authors remarking that the project had to be abandoned
because they were unable to obtain the help of, or even find, a mathemati-
cian of Luneberg’s originality.

Suppes (1977) calls into question Luneberg’s results by claiming, for
one thing, that alley experiments performed outside the smaller experimen-
tal space of the laboratory produce different results. Suppes states that exper-
iments performed in a large, open space, on lawns for example, do not
conform to Luneberg’s metric for hyperbolic space. But Suppes, in the best
available review of the subject, does not doubt the basic concept that per-
ceptual space is non-Euclidean.

This is an exceedingly difficult subject. In a sense, it seeks to explain in
mathematical terms our relationship to the visual world, or to provide an
interface between the world of visual sensation and the mind.

Spottiswoode et al., by ignoring this, worked out a system that simply
does not correspond to the interface of humans and the stereoscopic record-
ing of the visual field.

Hill jumped the gun and used an unproved theory to justify his work.
Even if the model of Luneberg should prove to be correct, and there seem to
be few Lunebergeans at work to verify this, Hill’s manipulations are still
suspect and the experimental basis for his work is doubtful.

It is important to remember that most photographic imaging systems,
motion pictures included, use optical systems that have been made to con-
form to the Euclidean metric of visual space or, in other words, to the per-
spective projection first and most clearly enunciated by Leonardo in the
sixteenth century. The perspective described by Leonardo is based on some
innate relationship between the human nervous system and tangible space
on the one hand, and on the arbitrary needs of the painter to interpret the
visible world in terms of a flat or planar surface, i.e., the visible field. It may
seem inconceivable to us that the choice of rectilinear perspective is in fact
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arbitrary, yet had Leonardo painted on the inner or outer surface of a sphere
or a cylinder, different sorts of perspective rules would have been formulat-
ed.

For centuries, Western man has learned how to look at the visual space
that surrounds him, in part because of his relationship with media. Renais-
sance painters have taught us how to look at the world. Specifically, they
have taught us that the objects of space are ordered according to one partic-
ular and arbitrarily chosen system of perspective, not any better or any
worse than the systems used by the Chinese or the Zulus.

It should come as no surprise that lens designers have sought to create
pleasing images that conform to this cultural bias. Perhaps the truth of this
assertion can be indicated by those exceptions to the usual optical modali-
ties, the fisheye lenses that have come into use in recent years and the large-
screen motion picture systems that were in vogue in the 1950s and 1960s.

Fisheye lenses, a kind of ultra-wide-angle lens, are designed to conform
to projection on the surface of a sphere rather than on a plane. They exhibit
what is usually called barrel distortion. If images taken with such optics are
projected on the inside surface of a sphere, they will reassume their natural
shape.

5.3. A different kind of perspective. Image of an object projected onto a
cylindrical surface. Photographic optics are generally corrected to produce linear
perspective, since images will be projected onto the surface of a plane. However,
it is also possible to produce lenses that are geometrically corrected for other
surfaces, such as a section of a cylinder, if, for example, projection is to take
place on a Cinerama-type screen. Such optical systems have been used for 70mm
photography and projection under the trade names D-150 and Ultra-Panavision.
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The important aspect of all this, for the stereoscopic filmmaker, is that
the lenses conform to arbitrarily enforced standards of rectilinear perspec-
tive. The spatial images are recorded by a pair of Euclidean image makers.
We are then left with the problem of how this Euclidean imaging system
interfaces with the eye-brain. It is not as if the imaging system is some sort of
a neutral entity; synergistic qualities occur in terms of the interface of this
optical-mechanical system with the human nervous system.

Given the present state of knowledge about binocular stereopsis, a the-
oretical basis for a stereoscopic transmission system does not exist; such a
formulation is premature. It may turn out that it is entirely beyond numera-
tion because of the concomitant factors of extra-stereoscopic depth cues. A
parallel may be drawn between Leonardo’s codification of the rules of per-
spective made up of a strictly specifiable geometric projection and the un-
specifiable variables of aerial perspective—shadow and shade, and so
forth—which Leonardo left to painterly discretion.

We will see a different approach to the problem of a transmission the-
ory in the work of MacAdam (1954), Ovsjannikova and Slabova (1975), and
myself. Before proceeding to these discussions, it will be instructive for the
sake of completeness to review the work of Levonian.

LEVONIAN

Levonian (1954a, 1954b, 1955) published his system, Stereoscopic
Cinematography: Its Analysis with Respect to the Transmission of the Visual
Image, as his Master’s thesis at the University of Southern California. The
experimental basis was carried out with a pair of interlocked Kodak Cine
Special 1T6mm cameras; the mathematical analysis, in particular the error
analysis, and the formal development of the subject are good.

Levonian accepts Luneberg’s version of the non-Euclidean nature of
visual space, but he claims that “Luneberg shows that when the conver-
gence angle of the eyes is small (as it is in 3-D motion pictures), the visual
world can be approximated by the Euclidean manifold.”” However, as is
known to mathematicians specializing in the field, *‘ . . . a metric referring to
points which are infinitely close also determines metric relations of points
which are far apart”’ (Luneberg, 1947). In other words, the expression for the
geodesic for points in a space which are very close together will also deter-
mine the metric for that space. For this reason, Levonian’s small-angle as-
sumption may not be correct.

Nevertheless, he employs the modified bipolar coordinates used by
Luneberg to derive his system. His system is similar to that of the Spottis-
woodes except that he has used angular measure rather than line elements
as a basis. He then formulates expressions that are similar to the familiar
depth range expression, but in terms of trigonometric functions. Perhaps his
most peculiar assertion is that the shape of the stereoscopic image may be
controlled by varying the plane (or point) of convergence at the time of
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photography. The camera angle of convergence suggested by his system at
the time of photography is an effort to obtain a pleasing image. But this will
not provide the needed correction, since the shape or depth of the stereo-
scopic image is independent of the convergence angle. This was understood
by Wheatstone, Rule, and MacAdam, among others. It has been repeatedly
verified experimentally that the shape of the stereoscopic image is indepen-
dent of the convergence angle used for photography or for viewing.

In my view, Levonian’s transmission system will not provide useful rec-
ommendations for stereoscopic cinematography; but, as with Spottiswoode,
there is much of use here for equipment designers. Levonian’s analysis of the
registration problems in a stereoscopic projection system, and in blowups to
larger formats, is valuable, as is his analysis of geometric distortion. His
empirically verifiable conclusion is that asymmetrical camera conver-
gence—say, with one camera set at right angles to the interaxial base line—
will produce little more distortion than symmetrical convergence, with
equal angles chosen for the camera lens axes. Practically speaking, it is
much simpler and quicker to set the angle of a single camera.

The problem of keystoning in a practical stereoscopic projection system
has been greatly exaggerated by other workers (especially Dewhurst, 1954).
In a well-designed system, misalignment of homologous image points due to
keystoning will be very low, especially over the major or central portion of
the screen, and shape distortions will also be of little consequence for most
subjects.

MAcCcADAM

David L. MacAdam’s paper ‘‘Stereoscopic Perception of Size, Shape,
Distance and Direction’’ (1954) had a very beneficial effect on my research.
MacAdam was a researcher at Kodak, given the job of establishing standards
for mounting Stereo Realist format slides. It turns out to be a difficult task to
mount these separated left and right stereogram transparencies accurately.
In the course of his research, MacAdam became interested in the problems
of stereoscopic motion picture projection, and he formulated recommenda-
tions for photography based on perspective considerations. Unfortunately,
his paper was published after the stereo bubble burst, too late to make a
practical contribution.

MacAdam’s thesis is that

serious distortions can be avoided if stereoscopic pictures are shown with
nearly correct perspective. That means that each person or object in the
projected picture should fill just about the same angle at the eyes of the
observers as he did at the camera [V = MY, consideration]. There seems to
be a liberal tolerance on this requirement, so that the familiar rule that the
focal length of the projector should be twice the focal length of the camera
is satisfactory in most theaters. However, in the past, this rule has been
violated frequently. The resulting false perspective is often noticeable, but
not objectionable in flat motion pictures. (p. 272)
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He goes on to say that it is not possible to compensate for these per-
spective distortions by varying the camera interaxial. This is, quite obvious-
ly, entirely at odds with the systems proposed by Spottiswoode et al.

MacAdam tells us:

Obijects photographed with telephoto lenses, and exhibited at greater
visual angles than they subtended at the camera, appear too thin. This is
called the ““cardboard” effect and is a direct result of false perspective.
Nothing can fully remedy this, except to reduce the magnification or to put
the observer farther from the screen, so as to restore the angular subtenses
of the original scene with respect to the camera. In most cases, the required
distance from the screen exceeds that for which stereopsis is experienced,
and the perception then does not differ in effect from conventional single-
image projection. (p. 285)

He also comments, ‘“Use of camera separations less than the interocu-
lar distance is usually not troublesome. The result is intermediate between
binocular and monocular perceptions, so that conflicts [between stereo-
scopic and monocular cues] are reduced” (p. 281).

And to drive the point home:

... it is no exaggeration to point out that no choice of camera separation
can eliminate false perspective, or correct distortions caused by false per-
spective. On the other hand, if perspective is correct, then considerable
variations of camera separations seem to be tolerable. The same cannot be
said for considerable deviations from correct perspective, even when the
camera separation is equal to the normal distance between the two eyes. (p.
282)

In support of his argument, MacAdam quotes from Lord Charnwood’s
Essay on Binocular Vision (reprinted 1965): ‘‘Stereopsis has no scale and is
capable of many interpretations, the choice of interpretation being made in
response to some outside factor. The most important of these is recollection
of past experience, which is generally able to select the scale factor which
makes possible a solution compatible with the subject’s expectations” (p.
283).

MacAdam’s point of view is that stereopsis is scaled to perspective
cues, Charnwood’s “‘recollection of past experience.”’

While the primary emphasis in MacAdam'’s paper is on stereoscopic
motion pictures, he manages to give a fine review of the subject of photo-
graphic perspective. In drawings like the one reproduced, as Figure 5.4, he
shows the effect of three camera locations and the resulting perspectives of
two blocks and a wall. The rearward block is twice the height of the close
one. The progression from left to right illustrates the use of telephoto, nor-
mal, and wide-angle lenses.

For an observer just as far in front of the screen as the camera is shown to
be in front of the nearest object, the perspective is correct. The observer
gets a correct idea of the shapes and relative locations of the objects. If he
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recognizes any one of the objects in the scene and knows its size, then he
perceives its distance correctly and therefore correctly perceives the dis-
tances and sizes of all the rest of the objects.

The drawing on the left shows the perspective, with overlap, obtained
with a camera located twice as far away as previously. If the resulting pic-
ture is viewed so that the image of the foremost object subtends the same
visual angle as previously, but twice as great an angle as it did at the cam-
era, then false perspective results. The observer gets the wrong ideas of the
shapes and relative locations of the objects. If he recognizes the front ob-
ject, he may perceive its front face as being the correct size, at the same
distance as he formerly perceived it. But it and all other objects appear too
thin, and too close together. At the right, the camera is shown at only one-
quarter the original distance. If the resulting picture is viewed so that the
front object subtends the same angle as previously, but one-quarter the
angle it did, false perspective again results. If the observer recognizes the
front object, he may perceive its front face as being the correct size, at the
same distance as formerly. But it and all other objects will appear to be
elongated in the direction away from him. (p. 273)

Although this is a description of perspective perceived by a viewer observing
planar images, it is practically a casebook of stereoscopic distortions that
will result from similar camera setups when projected and viewed on a
screen.

5.4. Three viewpoints. “‘Ground plans of three camera locations and (above)
outlines of resulting perspectives of two blocks and a wall. The more distant block
is a cube. The closer block is only one-half as high.”” (MacAdam, 1954. Reprinted
with permission from the SMPTE Journal, Volume 62:271-93. Copyright 1954,
Society of Motion Picture and Television Engineers, Inc.)
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Placing this in the context of stereoscopy, MacAdam writes:

Perceived space is dependent primarily on monocular clues, most fre-
quently the known size of familiar objects which are naturally visualized at
such distances that they appear of normal size. Stereoscopic perception
then spaces all other objects relative to that distance. This is the only, and
quite subsidiary, role of stereopsis in the perception of distance. If the per-
spective in the picture is incorrect, that is, if the object on which the per-
ception is based was not at a distance from the camera equal to the distance
at which it is perceived, then stereopsis emphasizes the false perspective.
{p. 285)

MacAdam also discusses what is called movement or motion parallax,
which is a monocular depth cue to distance resulting from the continuously
varying perspective when you move your head or change your point of
view. MacAdam believes that because movement parallax is missing from
stereoscopic projection, many individuals who may have difficulty properly
perceiving stereoscopic films are actually more sensitive to the movement
parallax cue than to stereopsis. When observing a stereoscopic projection,
you can confirm this lack of movement parallax by moving your head from
side to side. There will be no change in perspective, but rather a sheering or
twisting of the projected objects. MacAdam considers this a defect in our
stereoscopic system and suggests that a moving camera be frequently em-
ployed to create the effect of motion parallax.

MacAdam also believes that the use of zoom lenses will result in false
perspective if employed for stereoscopic cinematography.

The enhancement of depth perception produced by movement of the
camera toward the scene cannot be produced by the use of the zoom lens
.. .. Pictures taken with zoom lenses may give some sense of approach to
the scene. But the sense of depth is merely produced by the enlarged pic-
ture, and suffers from the changing distortions as the picture is magnified up
to and beyond the size for correct perspective . . . . In stereoscopy, there-
fore, it is essential to move the camera toward the scene, instead of using
zoom lenses, if the sense of approach is desired. Otherwise, the perception
will be produced that the scene is being pushed and squashed toward the
observer, with the foreground objects and actors shrinking in an unac-
countable and perverse manner. (p. 278)

He also discusses the role of convergence in stereoscopic perception;
the point he makes is especially important, since many present workers per-
sist in believing that convergence of the eyes is the most important stereo-
scopic mechanism for locating objects in space.

If one of a projected stereoscopic pair of pictures is moved sidewards
during observation, a powerful perception of approach or recession of the
entire scene is momentarily experienced. An excruciating pain may be felt
if an excessive divergence is produced. But if the pair is left at a new and
not painful separation, the scene will quite soon resume its formerly per-
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ceived location and dimensions. During the movement, which of course
does not change the visual angles subtended by the images of any objects,
each object appears to undergo a rapid change of apparent size, propor-
tional to its apparently changing distance. The size perceived at the end of
the movement is so unnatural that the reinterpretation of the whole scene
follows, more or less unconsciously and quickly, sc as to restore the per-
ception of the normal size, and consequently to re-establish the original
perception of the distances. (p. 283)

The lateral shifts of one stereoscopic image with respect to the other are
fully equivalent to changes in convergence angle at the time of photography.
It is a relatively simple procedure to shift the images as described, and gener-
ally speaking, MacAdam'’s observation is entirely correct. Levonian suggests
that corrections in shape distortions can be made by choosing the proper
plane of convergence at the time of photography. He is wrong.

MacAdam is'substantially correct, | believe, in his assertion that stere-
opsis is scaled to extra-stereoscopic cues and to perspective cues in particu-
lar, and that correct perspective is the way to achieve undistorted stereo-
scopic images. But pleasing, even if slightly distorted, images can be
produced through reductions of the interaxial spacing when used in con-
junction with wide-angle optics. Although such compensations may not ar-
rive at a theoretically perfect solution to the problem of stereoscopic distor-
tion, superbly satisfying images can result for this kind of manipulation of
camera variables.

MacAdam makes the point that perspective distortions are accepted by
viewers when watching planar films. For example, telephoto or long-focal-
length photography viewed from any place but in the back of the theater will
have substantial perspective distortion, but people have come to accept this
flattening of perspective.

MacAdam holds that the addition of stereopsis tends to exaggerate or

exacerbate perspective distortions. The pertinent question is whether the
distortion is now perceived as objectionable merely because we are unac-
customed to it, given our relative stereoscopic naiveté, or whether we are up
against some innate violation of the principles of perception. A strict adher-
ence to MacAdam’s concept would place grave limitations on a craft that is
already substantially limited with respect to planar filmmaking. The use of
telephoto lenses in stereoscopy is indeed difficult, not only because of per-
spective distortion but to a large extent because increased magnification
leads to increased screen parallax which can produce unpleasant diver-
gence.
, | do not know whether MacAdam'’s work involved the use of zoom
lenses or whether his suspicions about them come from reasoning alone.
Because of his opinions, | was prejudiced against experimenting with zoom
optics, despite the fact that these were at my disposal. However, my curiosi-
ty finally was aroused, and at the instigation of my research associate, Mi-
chael Starks, | undertook my first stereoscopic zoom photography.
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MacAdam’s description of the stereoscopic zoom is entirely incorrect. |
can find no mention in the literature of anyone having made stereoscopic
zooms, so there is some likelihood that Starks and | performed the first such
zooms in the.summer of 1977. This photography and subsequent work has
convinced me that, if properly executed, stereoscopic zooms work perfectly
well and exhibit none of the expected perspective distortions. Stereoscopic
zooms seem to work almost as well as planar zooms, but care must be taken
not to produce excessive screen parallaxes through high magnification, say
at the end of a zoom-in. Further, the plane of convergence must be set with
extreme accuracy to prevent conflicts of stereopsis and interposition with
the screen surround. With care, stereo zooms work.

INTERLUDE

Most of the important works in stereoscopic transmission theory were
published in the early 1950s, coinciding with the tremendous interest in
stereoscopy in the theatrical cinema. In this context, one ought to include
Dewhurst’s Introduction to 3-D (1954) and Ivanov’s (not the inventor of the
raster screen) Stereocinematography (1956). The former has a strong empha-
sis on prism devices for combining both images on a single band of film. The
latter looks to be of great interest, but there is no English translation.

For the next two decades, very little in the field appeared. It is possible
to single out Valyus's Stereoscopy (1962), which fortunately has been trans-
lated from the Russian. It does not concentrate on cinema but includes many
sections of interest, although specific advice for the filmmaker is not to be
found. An interesting article by Herman, ““Principles of Binocular 3-D Dis-
plays with Applications to Television’ (1971), attempts to show that a televi-
sion stereopair cannot be successfully displayed using a panoramagram
screen.

It is also worth mentioning the April 1974 issue of American Cinema-
tographer, although this is primarily interesting as background and ‘““fan”
information and makes no specific contribution to transmission theory.

THE SOVIET SYSTEM

The Russian efforts in stereocinematography began in 1940 with the
work of director N. Ekk and cameraman N. Renov in their film Day Off in
Moscow. This was a short subject, presumably projected either anaglyphi-
cally or using the polarized light methods for image selection. In 1941, the
feature length film The Concert, directed by A. Andievskij and shot by D.
Surenskij, was projected in the raster screen system invented by S. P. Ivanov.

In an article in Russian entitled “Is 3-D Cinematography?”’ by Bolt-
janskij, Komar, and Ovsjannikova (1975), a brief historical outline is given
of Soviet stereoscopic cinematographic efforts. It is evident that the Soviets
have had an opportunity to develop this medium continuously, with a more-
or-less steady production of feature and short films. Cinematographers have
sharpened their skills working on many productions over the years. No com-
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parable opportunity has existed in any other society. Surenskij, for example,
shot nine stereoscopic films from 1941 through 1970.

NIKFI, the Motion Picture and Photography Scientific Research Insti-
tute, an organization operating both to standardize and to advance motion
picture technology, has developed the Stereo 70 three-dimensional system,
a sensible and intelligent design. This kind of unified research and develop-
ment effort has no counterpart in the West. My source for this Russian re-
search is an article by Ovsjannikova and Slabova, ‘‘Technical and Techno-
logical Principles ‘Stereo 70’ "’ (1975), which | had translated. These articles
did not make their way to American libraries until two years after their Soviet
publication had taken place, and | did not have access to English versions
until July 1977. After studying the Russian material, | was faced with two
conflicting responses. The recommendations for varying camera parameters
are very similar to what | had worked out. If | had had earlier access to the
article mentioned above, | would have had a far easier, but less interesting,
time of attempting to establish these cinematographic variables. The Soviets
were the first to publish a workable system for varying camera parameters,
and | feel able to confirm this, since | spent two years independently estab-
lishing similar recommendations. To be anticipated in this way, the reader
may well understand, led to a certain annoyance on the one hand; but on
the other, it was pleasing to have arrived at a similar formulation. In terms of
formal development, the reader will see that my approach is different.

The optical arrangement of the Soviet system is similar to the one em-
ployed by Paillard in a Bolex 16mm system in 1953. Two matched objec-
tives, mounted side by side in a single lens barrel, establish the appropriate
interaxial separation for photography through prism systems. Both Leitz and
Zeiss offered devices like this prior to the Bolex system for their 35mm still
cameras, the Leica and Contax.

By using such an optical arrangement and the 70mm format, the design
allows for adjacent placement of two large-size frames, which of course do
not suffer from the synchronization problems inherent in two-band systems.
Moreover, the use of 70mm film and the existing 70mm cameras allows for
the utilization of the existing 70mm infrastructure developed originally for
large-screen projection.

The drawings of the Stereo 70 format show stereopairs with projector
apertures some 16.7 by 23 mm, with a diagonal of 28 mm. These figures are
to within a millimeter or so of the 35mm Edison aspect ratio format. Essen-
tially, then, the Stereo 70 system uses two 35mm Edison aspect ratio frames
for stereopairs side by side on the same stock. A suggestion put forth by Chris
Condon of Stereovision (American Cinematographer, April 1974) is similar
but reduces the standard 70mm five-perforation pulldown to three, to pro-
duce two smaller but wider aspect ratio (1.85:1) frames and an accompany-
ing saving in film stock. The virtue of the Soviet system, as it stands, is that no
modification of the camera or projector intermittent need be undertaken,
whereas Condon’s suggestion entails changes to the basic mechanism.
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(Condon has built both three- and five-perforation machines, and his work
may predate the Soviet 70mm efforts.)

One important question is whether or not modern audiences in the
West will accept the Edison aspect ratio format, in an era in which theatrical
presentations are mostly wide-screen. There is no basic incompatibility be-
tween stereo and wide-screen. The choice probably will be based on the
arbitrary whims of fad and fashion.
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5.5.Soviet Stereo 70 format. Top shows projection standards; bottom, camera.
Both camera film and prints are on stock 70mm wide. In the West, we use 65mm
stock for camera film and use 70mm-wide film for prints only. The Stereo 70
format is identical to the System D-70 offered by Future Dimensions to the
Hollywood film industry. (Ovsjannikova and Slabova, 1975)

The Soviets have modified four types of 70mm cameras, including stu-
dio reflex, aerial, handheld, and high-speed (slow-motion) models, and a
wide variety of optics are available ranging in focal lengths from 28 to 300
mm with available interaxial separations from 26 to 105 mm.

Projection is straightforward: simply placing and correctly adjusting the
stereoptic on the 70 mm projector. Projection parameters are described in
detail by A. N. Shatskaya in “The Range of Basic Parameters for a Stereo
Projector”” (1975). For the polarized-light method of image selection, the
optics closely resemble the Paillard stereo lens, but a wider interaxial base is
needed for the autostereoscopic screen. The same film may be projected
using polarized-light image selection, or onto a lenticular screen for 3-D
without glasses, but the former appears to be the greatly preferred method.

* See errgggelins
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In the West, 65mm-wide original camera film is release-printed in
70mm, with the additional print width devoted to soundtrack area. The Sovi-
ets shoot and print on 70mm-wide stock. There are six magnetic sound
tracks used on 70mm print stock, for impressively rich stereophonic sound.
Very little 65mm photography is done in the West, since practically all the-
atrical production is in the 35mm format. For release, producers can choose
to blow up their product to the larger format for ‘road show’’ presentation.

The Soviets wisely present their Stereo 70 films in relatively small
houses of, say, 400 seats, on screens 15 or 20 ft wide. This allows extremely
bright projection and relatively low values for screen parallax. This system,
or variations of it, is perfectly suited to the many small theaters in the United
States cut down from larger houses or built as multiple theater complexes.

The Soviets use the crossed-lens-axes system, and with reference to the
drawing shown here, they label the following variables. The top drawing
shows the camera optical system without a prism attachment; the bottom
one shows the system with a prism attachment. Without the prism, the base
B is about 26mm. As pointed out, larger interaxial spacings with various
prism attachments are possible. Lateral shifts of the lenses are also possible
for setting convergence. The focal length is F, the distance to the plane of
convergence is L,, point O is a midpoint on the plane of convergence, M a
point in space in front of the plane, and Q a point behind the plane of

1IAOCKOLTE
Ly HaAMis/
a . + —
/
S _// - £ ~om

- _7‘_542“_';"{:3—0

fnocxocmn
pamMnsl

5.6. The geometry of projection and camera optics of Stereo 70. Projection (top);
photography through prisms (bottom). (Ovsjannikova and Slabova, 1975)
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convergence. C is considered to be an infinity point. Lowercase letters sig-
nify the points imaged on the plane of the film, so that o, and o, will coin-
cide if the frames are laid on top of each other, or projected to the crossed-
lens-axes standard. Points m,; and m, will then have a film parallax of p,
points q; and g, a film parallax of p,, and infinity points will have a parallax of
Peo-

By definition, parallax values will be negative for the object M, and
positive for object points Q and C. Object point O will appear to be in the
plane of the screen upon projection, with M in theater space and Q and C in
screen space.

The coefficient of projection magnification (or what we have simply
called magpnification or frame magnification) is given by the expression

where A, ,is the width of the screen and a, the width of the frame. If we
define L, as the distance from the audience to the screen, B, as the interocu-
lar of the viewer, p as the screen parallax, and D as the apparent distance
from the observer to the spacial image of a point, then—in a relationship |
believe was first given by Spottiswoode et al.—we have

D =l, ——
? B3'—P3

When the object point has zero parallax, or is in the plane of the screen,
D = L. If the image is in theater space, then D<l/3, corresponding to a
negative parallax. For example, if B; is taken to be 65 mm and P, = —65
mm, given a viewer distance Lz at 2000 mm, then D, the apparent distance,
is 71000 mm, or 1 m, halfway to the viewer, which seems entirely reason-
able. If we were to take the case where screen parallax is 65 mm, then we
see that D must be equal to ©, which also seems reasonable. When D>L;,
parallax is positive.

It is important to note that the Soviets use the term seeming or apparent
distance for D, and this exercise, based on location of object points when
imaged on a stereoscopic screen, does not take into account extra-stereo-
scopic cues or the fact that convergence itself is not a reliable depth cue.

The maximum value or limit of screen parallax is taken to be a constant
called p_ , . In point of fact, this value would depend on the interocular of
the observer, but an average value for By is assumed. The limit of parallax on
the film, then, is

anin K K

We should be familiar with the form of this expression, since film paral-
lax multiplied by frame magnification gives us screen parallax. If p, > Bj, we

* See errata list
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then will have a divergent condition in which the optical axes of the eyes are
towed or turned outward. Slight divergence is allowed in the Soviet system,
a maximum of 1° total divergence, or ¥2° for each eye. This practice is con-
doned by Hill and MacAdam but disavowed by Rule and by Spottiswoode et
al. Practically speaking, it becomes all but impossible to do successful stere-
oscopic cinematography without slight divergence in certain shots.

For a given film parallax, larger values of K will result in increased
divergence; so, strictly speaking, films should be shot for one size screen.
The lens-raster or autostereascopic screen used in the Soviet Union, which
does not require glasses, is 4 m wide, and the aluminized screen for the
polarized light method of image selection is up to 8 m (20 ft) wide. As a
compromise, films are shot for a screen 5 m wide.

Ovsjannikova and Slabova emphasize that “‘stereopsis does not lend
itself to strict mathematical evaluation.” They briefly discuss the concept of
orthostereoscopy, but they point out that the image is generally greater in
size than the object photographed. This, of course, will be true to a greater
extent for screens used for the projection of theatrical films than for those
used for the projection of smaller-format films, such as the super 8 format
employed in much of my study.

They then define what they term the scale M, and the perspective 8 of a
stereoscopic effigy. These characteristics are determined by the ratio of focal
length of the camera lens, the distance of the filmed object, the projection
magnification, and the distance of the viewer from the screen.

F L,

L, = FK (in our terms, V = Mf,). This is one of the conditions for orthostere-
oscopy. The authors have stated the relationship between frame and object
maghnification, where M is object magnification and K frame magnification.

The derivation of this relationship, it seems, does not appear in the
literature, and this is a good place for me to give it. The drawing using Soviet
notation shows the related conditions for the object being filmed, and as its
effigy would appear upon projection. By definition, we have

- H

M=

(= fe

ar

By similar triangles, we have
h _H
A A,
or
As __HA,

h

* See errata list
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Then
Aa = MAO = Kak *
or
M= 3k g
Ao
Since
dr F
A, Lp
we have
F
M = -L—p' K
ﬁ”‘lf OBJECT 0T
UB H IN SPacE. ( W
1 U) H
y - A
SCREEN
Lp

5.7. The relationship between frame and object magnification.

* See errata list
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Given this relationship, it should be possible to compare the Euclidean
portion of Hill’s development, done in terms of object magnification, with
the development in Spottiswoode, which follows frame magnification. Up to
the introduction of the Luneberg metric, the two ought to correspond.

The Soviet authors then give the coefficient of depth transmission 6, or
the perspective characteristic, as the ratio of the distance of the viewer from
the screen when the orthostereoscopic or correct perspective condition is
fulfilled (which they call the basic distance) to any given distance for the
viewer from the screen:

When L3<L,, 8 gives the degree of ‘““compression.” When L3>, 8 gives the
degree of relaxation. :

The authors note that the character of projected space is determined by
the selection of focal length and that short focal lengths tend to “stress’ or
strengthen the depth sense, in which case #=2, and long focal lengths give a
weakened depth sense, where 8 = .3. For normal perception, 6 = 1.

Ovsjannikova and Slabova distinguish between two types of stereo
filming, which they call filming in proportional ratios and filming with hy-
perstereoscopy (increased interaxial). In the former case, screen parallaxes
at infinity, p_ , do not exceed the interocular, and the parameters of filming
are given, they say, by

BF =L, P.,
The parallax on the film for a point L, from the camera is

_ Pm(Lc—Lp)

Jan LC

The purpose of filming with hyperstereoscopy is to increase the depth
sense compared with the relationship given above, and for a change in the
depth content, given a constant L, and F, the interaxial B is increased H
times compared with the relationship BF = L,P and may be written as
By = HB, or ByF = Hp_ Ly, and the film parallaxes can be

HP,(Le — Ly)

B A L.

When filming hyperstereoscopically, or when H > 1, it is possible to
calculate the distance to the far plane that does not produce excessive paral-
lax with

be = LpHIjl

The quantity L, is also known as the coefficient of hyperstereoscopy.

* See errata list
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The tables reproduced here are designed to aid cinematographers to
select the camera variables needed to produce the desired effect. The tables
use as their reference the object located in the plane of convergence, which
is usually a human being. The symbols used are: m, the image magnifica-
tion, and hi, the height of the object in the composition; Lo and Lx the
limits, in distance from the camera, for the near and far planes; and L, is the
distance to the plane of convergence. Focal length F and interaxial B are
also listed, as are comments with regard to the degree of ‘‘stereoscopicity”:
normal, strong, very strong, and weakened.

Additional remarks are made about the nature of stereoscopic cinema-
tography, defining the compositional entities “post-plane’’ of convergence
and ““pre-plane” of convergence, which we have called screen and theater
space. Recommendations are given about extending objects into theater
space, and the authors stress the importance of texture and additional com-
positional factors that aid stereoscopic cinematography.

The authors discuss a concept, the ““support surface,’”” which is actually
a measure of stereoscopic resolution, evaluating depth content in terms of

a m-10
= 4 m=§
Ay=lm A 2u
F B Lea | Lp Ly H XapaxTtep
L L L
&% 26 1,1 1,4 1,7 5 OueHb CHABHO F B 6a | “p n | H Xapaxtep
» 37 1,2 » 1,6 7,1 » > . 4 8
28 2 3,2 o0 0 HOPMaJibHO
300 105 4 5,5 20 , , ,
o 4% 52 S 32 2 1.6 3.7 2 0,8 »
40 26 2,0 4,6 » 0,8 »
» 42 2,5 » 26,7 1,2 cuapHo
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5.8. Stereo 70 tables. Recommendations for closeups, head-and-shoulder shots,
and medium shot showing entire body. F, B, L values and H are discussed in text.
We can also use these tables to review Soviet optical equipment, which ranges
from a focal length of 28 to 300mm, and various possible interaxial settings of
from 26mm (no prism set) to 105mm. The last column, XapakTep (character),
lists the stereo effect: yMepeHHO —weakened; HOpMaJIbHO —normal; CHJIBHO
—strong; OyeHb CHJILHO —Very strong. (Ovsjannikova and Slabova, 1975)
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discrete planes. A similar concept was introduced by Spottiswoode et al.
(1953).

We are also told that more leeway is possible in filming scenery and
objects than human beings, since the perspective characteristics and conse-
quent stereoscopic strengthening or weakening of the human face or form is
highly noticeable. Comments are made about the modification of calculated
results using the relationship BF = L,P for filming closeups. It is suggested
that the interaxial base may be increased by 1.5 to 2 times, and in certain
cases up to 3 times, and that similar sorts of more extreme increases for base
distance are needed when using ByF = HP =« L, for lenses of long focal
length.

Caution is advised when filming pans, which we are told ought to be
executed 1.5 to 2 times slower than comparable planar pans. | also found
this to be true but attributed my difficulties to lack of precise phasing of my
camera shutters. It might seem that no such difficulty would be experienced
by the Soviet single-band system. Why, then, must camera motion be
slowed down for stereoscopic pans? If the camera shutter does not rotate in a
manner to occlude both frames simultaneously, we would then have spuri-
ous temporal parallax added especially for rapid camera or subject motion.
Perhaps this is the reason for the prescribed caution with regard to pans.
Since the left and right frames are side by side in the stereo 70 system, a
shutter with vertical sweep would expose both essentially simultaneously,
while one with horizontal sweep would cause one frame to be exposed
slightly before the other.

It is my feeling that Ovsjannikova and Slabova have succeeded far bet-
ter than others at formulating a workable stereoscopic system. Their recom-
mendations may be translated directly into terms that are of use to 16mm
workers by dividing values for focal lengths in half, and quartered for the
super 8 worker. The heart of the matter is not contained in their algebraic
relationships for the most part, since these are quite clearly the result of a
formalism imposed after the fact on an empirically developed approach. For
example, when we are advised to increase the base by various arbitrary
factors, the effect is more like witchcraft than science. We are in fact dealing
with an art, and the information given in tabular form, bereft of this particu-
lar formalism is more to the point. Some of the equations simply lull one into
thinking that they will yield useful predictive results for calculating filming
parameters. Although film and screen parallaxes may be so calculated to
good effect, camera variables may not.

The separation of the subject into hyperstereoscopic and proportional
effects seems, to this author, to be peculiar, when coupled with what ap-
pears to be the virtual overlooking, in terms of formal development, of hy-
postereoscopic, or reduced-base, effects, which turn out to be as important
in stereoscopic cinematography.

In terms of hardware, there is a very wide selection of interaxial dis-
tances, focal lengths, and convergence control. The super 8 system used in
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this study has a variability of camera parameters that is the equal of the
Soviets’ with the important exception that it is limited to a minimum interax-
ial of 66 mm; but hyperstereoscopic effects exceeding the Soviets’ are possi-
ble with it. The principle of screen parallax invariance (page 118) states that
images produced on the same size screens, given equal camera parameters,
produce the same screen parallaxes and stereo effects. Therefore, recom-
mendations for one format are good for another.

The only real deficiency in the hardware of the Stereo 70 system is the
lack of increased interaxials for the shortest focal lengths available, namely
28mm and 32mm lenses, which are fixed at a base of 26mm. Although
many shots may be successfully executed with this reduced base, it does
happen that more extended bases are useful for scenery and for human be-
ings several meters from the camera.

Earlier | mentioned Shatskaya’s treatment of projection optical varia-
bles. This ought to be briefly discussed before taking leave of the Soviet
system. Twin lenses, mounted in a single barrel, are employed, and in my
view this is the best possible method for a single-band system, since it allows
for total control of unwanted binocular asymmetries.

Such dual lenses must have the ability to shift one or both optical cen-
ters laterally, so that the axes may be brought into perfect coincidence on
the screen. This can be best accomplished while projecting a test film, and
although alignment should stay fixed once it is set, periodic checks can be
made on the integrity of the crossed-lens-axes condition.

Designers can determine the necessary range of lateral shift, u, of the
optics by this simplified relationship:

u~——b——
=K

Homologous screen points are distance b apart, and K is the frame
magnification. Additional relationships are given in the article.
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chapter 6

Binocular Symmetries

Early in the course of this investigation, | began to wonder why viewing
images through the stereoscope did not produce the same eye-strain people
sometimes experience when viewing stereoscopic motion pictures. The im-
portant factor, retinal disparity, can be the same in both cases, yet discom-
fort was often felt looking at movies.

After projecting stereoscopic images daily for more than a year, it oc-
curred to me that there was a symmetrical principle at work in the transmis-
sion of these images. In all specifiable ways, with the exception of the asym-
metry of horizontal parallax, which provides the stereopsis depth cue, the
images should be as alike as possible. My idea was that some symmetrical
quality needed by the left- and right-image fields was more easily satisfied
with the stereoscope than with motion picture viewing.

The following exposition of the concept of binocular symmetry is im-
portant not only for equipment designers but also for filmmakers who use
double-band stereo systems, since they must calibrate the two images. Even
with access to a single-band precalibrated system, understanding this con-
cept will enable one to trouble-shoot problems and perform adjustments.

There are many possible sources of eyestrain, but frequently the sensa-
tion is not felt in the eyes but in some other part of the body. People are
completely unfamiliar with the discomfort associated with improperly pre-
sented stereoscopic images, since asymmetries of this kind do not occur in
daily experience when looking at this visual world. For example, many peo-
ple, given the proper stimulus, report headaches or nausea or complain that
the image is “blurry.”

Interestingly, if one or several strain-producing asymmetries are
present, generally speaking the unpleasant sensation will be felt in a single
part of the body. Strain seems to be cumulative, and repeated exposure to
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strain-producing factors will produce increased discomfort. To a large ex-
tent, the control of strain becomes the control of binocular symmetries.

Once this concept became clearly defined, my primary object was to
create images dependably without these binocular asymmetries; in other
words, a stereoscopic system controlled to tolerable levels for the enjoyment
of strain-free viewing.

Binocular symmetry differs from conventional symmetry—for example,
the point symmetry of the mandala—in that two image fields (the left and
right images), and not one field, must be considered—and compared. Re-
search indicates that the symmetries of the two fields must be held to within
specifiable tolerances or strain will occur. The symmetries are: illumination,
aberration (and sharpness), geometry (or linearity), color, image selection,
and temporal symmetry and registration.

Improperly executed photography can create strain that is indistinguish-
able from that produced by the out-of-tolerance system parameters | have
just listed. Stereoscopic imaging systems may therefore have elements of
strain produced by both poor photography and poor system design. | hy-
pothesize that strain from both areas is additive, and cumulative with time,
and symptoms of strain are proportional to the degree of error.

The nonsystematic photographic parameters will be the subject of the
following two chapters, which deal with binocular asymmetries. Our con-
cern now is with systematic elements.

When tolerances are supplied, they are the values that | have been able
to achieve in my system. If other systems can be made to meet these specifi-
cations, it is my assumption that they too will be similarly strain-free. While
more work needs to be done, | stand by these figures.

EXPERIMENTAL TECHNIQUES

In the course of a year and a half, about forty subjects in about sixty
trials were shown hundreds of shots photographed and projected on a
screen 1.3 m wide in my studio with the system described on page 248. The
subjects, in groups of from one to eight, viewed the films seated 2.75 to 5 m
from the screen. Each subject’s interocular measurement was taken, and
each was shown julesz (1971) figure anaglyphs, which are unfakeable tests
of stereopsis. They were interviewed at length and were free to volunteer
comments.

Upon completion of my 25-minute film, Uncle Bill and the Dredge
Dwellers, | screened it publicly a number of times toward the end of 1978. A
collection of interesting effects, called Through My Window, was also
shown. The screenings were accompanied by a discussion period, and audi-
ence members made many comments. Audience and critical reactions in
the press were generally favorable.

It is important to discuss the experimental approach that led to the con-
clusions given in this and the previous two chapters. After presenting test
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footage in my studio to my subjects, | began to suspect that shots presented
this way were being scrutinized far more critically, in a negative sense, than
would be the case if they were part of a completed film. Shots projected out
of the context of continuity or filmic structure, as isolated entities, drew
more attention and stood out in a way that might actually be counterproduc-
tive.

| drew an analogy between this phase of my work and a hypothetical
motion picture pioneer who might be engaged in the same sort of research,
but with planar apparatus. Audiences, for example, might be flustered by
pans. When looking at a pan, what we see rotates in a direction opposite to
that of camera motion. This is quite unlike what occurs when we move our
eyes or head. Try it, and you will see that the room does not seem to spin
around backwards. Yet this is exactly what a motion picture camera will do,
lacking the constancy effect of the human nervous system interfaced with
the visual world.

Another unpleasant aspect of the pan is that it is seen to be blurry.
When moving your eyes, or when panning the eyes and the head, if you
prefer, the world does not become a blur. You are, in fact, not conscious of
detail, or tend to suppress vision while the eyes are in motion. Only when
they come to rest can you pick out detail.

The act of panning a camera and projecting this motion picture film
produces an entirely different effect from similar eye movement. Let us sup-
pose that our pioneer planar experimenter showed some pans to an audi-
ence. Most people would find the pans unpleasant, and some people would
probably complain that they were painful, that they hurt their eyes. There
would be, in all likelihood, a minority of viewers who were not disturbed by
the effect, and some might even enjoy these blurry moving-backwards shots.
But most people would be upset by pans, never having previously seen them
(or movies, for that matter).

There are two additional considerations that come to mind: Suppose
the pan shots were part of a well-structured film. How would our novice
audience react? Suppose our audience had even a few hours of experience
looking at motion pictures. How would they then react to the pan?

Just as the pan is not isomorphic with our normal visual experience,
many aspects of the stereocinema are similarly nonisomorphic with our per-
ception of the visual world. The breakdown of accommodation/con-
vergence is one such effect, as is the effect of images with negative parallax
cut off by the screen surround. Yet another major class of effects might be
departures from geometrically predicted orthostereoscopy.

The questions before me were: What is acceptable and what is unac-
ceptable practice? How can [ trust the reactions of a rather small population
of naive viewers? These people had very little or, in many cases, no experi-
ence looking at stereo motion picture effigies. Since it was my work they
were viewing, how could | guard against their being influenced by my pres-
ence? Their emotional reactions, or possible desire to please, might bias
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their response. As | have mentioned, in the early days of my work | had no
finished film to present, and screening isolated shots out of continuity may
have presented additional difficulties. Not the least of my concerns was that
some of the viewers might have anomalous stereoscopic perception.

My approach was influenced by my background: | had been trained in
the physical sciences, but by inclination | had become an artist. Here, for the
first time, | was faced with a challenge that totally engaged both aspects of
my mind.

| was faced, or in fact have been faced for the past five years, with the
challenge of engineering a good stereoscopic moving image system, and |
have found that this engineering problem is totally inseparable from the es-
thetic problem of making a good stereoscopic film. Other workers, if they
are lucky enough to use a well-designed stereoscopic motion picture system
(which at the moment usually cannot be obtained off the shelf and must be
built to suit the needs of the worker), may tend to lose sight of the insepara-
ble nature of this technology and its accompanying esthetic. It may well be
that the perfection of technical details tends to conceal the relationship be-
tween scientific and artistic coexpression.

As | shot more and more stereo footage and showed that footage to
many subjects, | learned that the perception of the stereoscopic image is
highly idiosyncratic and that the same individual will react in different ways
at different times to the same effigy. This may well be caused by the relative
naiveness of my test population. Generally speaking, people’s reactions to
the footage became increasingly favorable. But then again, even if they saw
the same shot several times, in the intervening months | may have learned
enough about improving my projection technique to make significant
changes in viewing conditions.

Faced with all of these considerations, | embarked on the following
course: | would learn about the idiosyncratic nature of my perception, how
it differed from and how it was like that of others, and through intellectual
effort and whatever instincts at my disposal | would try to turn myself into an
introspective instrument. | would try to learn what was pleasing and what
was displeasing to my ‘““normal” or ““average” viewer. | would try to learn
what it was that caused strain or discomfort; | would also try to see as others
saw, so that | might appreciate their perception vis-a-vis the shape or propor-
tion of the effigy.

In fact, | became engaged in learning the same sort of technique that
any visual artist tries to master by training his or her esthetic sense. My task
was more difficult because my chosen medium was in a tentative state. | had
to build my own tools, and | had to learn the engineering principles in-
volved.

| can say that | put a great deal of effort into library research and, with
the help of my research associate, Michael Starks, uncovered if not every
article, then just about every significant article on stereoscopic cinematogra-
phy and related topics. | saw no point in repeating the work of others. That is
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why humanity records its thoughts in printed form, and there was no reason
why | should not be a beneficiary of this intellectual tradition.

However, | learned that the needed information did not appear in print.
No filmmaker, no engineer, could go to the literature and learn how to do
good stereoscopic photography or how to design a good stereoscopic film-
making system. The two problems are related. Instruments of a good system
will not only conform to a rigorous set of standards to control what | call
binocular symmetries, but these instruments will also be designed to incor-
porate the appropriate creative variables so that successful photography may
be conducted. This second aspect relates to the creative control of asymme-
tries of horizontal parallax, and it is the subject of the last two chapters.

ILLUMINATION SYMMETRY

While previous workers specified that the exposures of the left- and
right-image fields, and finally the total illumination projected on the screen,
must be equal, practitioners with the notable exception of Norling (1952) do
not seem to have understood this: A point-for-point comparison must be
made of corresponding image points in these left and right fields, and these
corresponding points must have the same intensity when projected.

If stereoscopic exposures are made of a gray card, examination of the
left and right images with a measuring device such as a densitometer should
register the same density for typical corresponding points: for example, the
corners and centers of the left and right images, given by the letters A, B, C,
D, and E and A’, B, C’, D’, and E’.

Projection optics must also be free of illumination asymmetry, or dis-
comfort or strain will be produced in the viewer that is cumulative with time
and proportional to the extent of the asymmetry. In a good system, the point-
for-point difference in intensity of illumination, it is estimated, would be
held to within 10%, which can be determined by measuring the screen
illumination for each field with a goniophotometer, or in actual practice
with the eye of a trained observer. For rapidly evaluating the comparative

A B A’ B

C D C’ D

6.1. lllumination symmetry.
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intensity of projected fields, place red and green filters over the left and right
projection lenses. The additive color mixture is yellow, and asymmetries can
instantly be isolated as reddish or greenish areas. (Lee primary red and green
filters were used.) This technique, which I discovered, is the basis for a dis-
closure filed with the U.S. Patent office.

Field-dividing devices employing a prism or mirror optic placed over a
single objective, known as frame or field dividers (mistakenly called beam
splitters), often produce unwanted asymmetry of illumination (vignetting).
Since all lenses have illumination intensity and, generally, correction of ab-
erration—in terms of conventional point symmetry, symmetrical about the
center of the frame or field—any superimposition of such a split field must
produce fields that are unmatched in terms of illumination and aberration.
This is why it is preferable to use dual objectives in stereoscopic photo-
graphic and projection systems.

COMMENTS

t was the binocular symmetry of illumination that first came to my
attention. After that—through experiment, inference, or intuition—I general-
ized the other necessary symmetrical qualities.

Periodic tuning or tweaking of the camera and projector portions of the
system, together with steady improvements in photographic technique, led
to increasingly pleasant results, but | noticed that prolonged viewing was
still producing discomfort. After investigating many other possibilities, |
measured the incident illumination of various portions of the screen for both
left- and right-projection beams and tabulated the results. In terms of a point-
for-point correspondence of intensity of illumination, there was a serious
mismatch.

After an abortive attempt to realign the projection lamp housings, | sim-
ply switched the lamps. These lamps have a peanut-size bulb centered in a
reflector that is a paraboloid of revolution. The lamps retained their illumi-
nation characteristics after being switched. One of the bulbs must have been
poorly aligned with respect to its reflector. | replaced it with a new lamp that
proved to be a good match for the remaining lamp.

ABERRATION SYMMETRY

The principle of binocular symmetry of aberration (and sharpness) is
derived from the fact that aberration and sharpness are symmetrical with
respect to a point in the center of the frame. To measure the binocular aber-
ration symmetry and sharpness, one would conventionally measure the ex-
tent of the lens aberrations and sharpness of the corresponding positions of
left and right fields. In practice, lenses of the same design that are properly
assembled should produce good results.

Strictly speaking, classification of binocular asymmetries is arbitrary.
For example, illumination asymmetries in a system may result from asym-
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metrical vignetting, which could be classified as an asymmetry of illumina-
tion. But illumination asymmetries may arise from a number of other causes.
For example, the symmetry of illumination might also be influenced by une-
qual development of film, especially in a dual-band system, or by miscali-
brated iris diaphragms. In addition, the relationship of various components
of the projection optical system (lamps, lens, polarizing filters, screen) can
critically influence the symmetry of illumination.

COMMENTS

This classification is a generalization based on the illumination symme-
try, and it was intuited on the basis of this work. Aside from the efforts car-
ried out with regard to illumination, | have not done the experiments to
substantiate the validity of this proposed symmetry.

GEOMETRICAL SYMMETRY

The binocular symmetry of geometry (or linearity) requires that the im-
age magnification for both fields must be the same, that corresponding left-
and right- or homologous points must be aligned horizontally, and that both
images must have substantially the same linearity (i.e., a circle in one field
must have the same shape as a circle in the other). In the literature, it is
usually specified that an acceptable tolerance requires the lenses’ focal
lengths to be within 0.5% of each other both in photography and in projec-
tion. _

Geometrical symmetry expresses itself most dramatically in horizontal
alignment of corresponding, or homologous, image points. Misalignment of
homologous points beyond specified tolerance (placing one image point
above the other) can arise from magnification differences in the optics, or
from misalignment of the left and right camera lens axes in the horizontal
plane, or from errors in frameline settings during projection. Tolerances for
alignment of camera lens axes in the horizontal plane are stringent and must
be held to less than a 0.2° difference for a good system.

The vertical parallax of homologous points is always undesirable and
does not contribute to stereopsis. lts only contribution is to eyestrain, since
as the eyes seek to fuse the image pairs, it causes unnatural vertical rotation
of one eye with respect to the other.

Since we are concerned with differences in the sizes of objects whose
effigies lie in the left- and right-image fields, we can use the following equa-
tion, which relates object magnification m and frame magpnification M,
which was derived (in terms of the Soviet notation, but given here in our
notation) on page 171:
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We now have a way to evaluate changes in image size by doing some
calculations for a given screen size, assuming seats no closer than some
minimum distance. In addition, we must have standards for spurious vertical
parallax, which needs to be held to 0.1° or at the very most 0.2°.(See page
103 for a discussion of Panum’s Area, the physical basis of this tolerance.)

For a specific set of conditions, we can arrive at a graph like the one
shown here. If B is the diagonal of the format, camera lens focal lengths of B
must be held to 1%. Focal lengths of 2B must be within 0.5% of each other,
and those of 4B to within 0.1%.
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6.2. Geometrical symmetry. Vertical axis shows focal length of camera optics in
terms of the diagonal of the format, B. Horizontal axis shows lens tolerance in
terms of percentage of focal length.

I
1

~NA

As focal length and consequent object magnification increases, greater
demands must be placed on matching optics. In the graph given here, the
Edison aspect ratio was assumed with seating no closer than twice the
screen width. For scope projection, and/or closer minimum seating, stricter
tolerances will be necessary.

Similar considerations can be used to arrive at standards for projection
optics.

COMMENTS

The need for symmetrical geometry of the left and right fields is obvious
and can be substantiated through rather straightforward experimental proce-
dures. If one image is magnified more than the other, homologous points
will be altered in all relative directions, except for axial points, which do not
shift (but which will change size). While lateral shifts produce spurious par-
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allax that encourages spurious stereoscopic perception, these can be rela-
tively benign. Vertical displacement, on the other hand, is malevolent, since
these spurious parallaxes will result in strain.

Some individuals have more tolerance for mismatched image size than
others. Images that are quite mismatched may still be fused, but a distinction
must be made between fusion and comfortable fusion. Despite the fact that
some individuals can fuse images up to one about 15% larger than the other,
I doubt that they can do this with comfort for very long.

Zoom projection optics are especially easy to match by using SMPTE
registration or similar ruled leader, as will be described in the Appendix.

In addition to lateral shifts of one image with respect to the other, or
differing magnifications, one image may be tipped with respect to the other.
This effect is extremely unlikely to occur in a single-band system. In double-
band systems, cameras and projectors can be tipped, and the effect of this
slight rotation, in its own plane, of one image of a stereo pair, is described in
a footnote by MacAdam (1954) and in greater detail by Ogle (1950).

REGISTRATION SYMMETRY

Another symmetrical quality, symmetry of registration, may be consid-
ered to be a subclass of the geometrical symmetry (or horizontal alignment)
of homologous points. It can be understood as the relative time rate of
change of the position of these points. This concept may be applied to dual
projection, but in single-band systems relative registration for properly ori-
ented images may have identical or perfectly symmetrical registration. It is
possible to specify the worst possible relative unsteadiness of two superim-
posed fields in terms of absolute values for angular measurement. If a spe-
cific screen size is given, then specifications can be made in terms of that
screen size, taking into consideration the minimum distance of an observer.

For this quantity, and for all the measurable symmetries of the stereo-
scopic art, the eye of the observer is the last link in the overall optical sys-
tem. Subjective response is the final arbiter of quality. In an excellent system
(properly designed single-band), there would be no relative unsteadiness
between left and right fields. But in a good system the worst possible misreg-
istration in angular terms cannot be greater than approximately 0.1°.

Registration can be considered in terms of the vertical and the horizon-
tal. Both components can produce strain, but the vertical is particularly trou-
blesome, as was the case for geometrical symmetry. | have determined ex-
perimentally that severe weave, or horizontal unsteadiness, causes a
jumping of object position and does indeed lead to fatigue.

COMMENTS

Spottiswoode and Spottiswoode (1953) have defined a quantity called
stereoscopic resolving power based on relative movement of images in a
double-band system. They claim that as unsteadiness increases, the number
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of resolvable planes, as spaced from the camera and perpendicular to the
plane of the lens axes, similarly decreases. This seems a logical supposition,
but in fact | have been unable to observe the effect. Stereoscopic resolution
does not decrease despite marked unsteadiness, even if fatigue is a function
of this effect.

All double-band systems have observable relative unsteadiness. Simply
remove the stereoglasses to observe the phenomenon. The causes could lie
in manufacture of the film, exposure in the camera, printing, projection, and
film wear. The last cause is insidious, since increases in unsteadiness are
quite gradual and may go undetected. With good equipment, though, long
life can be expected from an original or a print.

Observing this unsteadiness—usually the vertical component is most
noticeable—one should bear in mind that the most visible and worst possi-
ble error is being observed.

CHROMATIC SYMMETRY

Color asymmetries arise from processing vagaries or the emulsions
themselves for dual-film systems, or from the camera and projector optics,
which in the case of camera optics includes any filters used. For projection
optics, one must also consider color variations of illumination sources or of
the sheet-polarizing filters employed, including those used in viewing de-
vices.

By its nature, this seems to be a relatively benign asymmetrical factor,
and some departure in relative color balance is tolerable, although when so
easy to correct, unnecessary. Chromatic symmetry in a good system requires
the left and right fields to coincide to within 10 or 15 CC filters as supplied
by the Eastman Kodak series of color compensating filters.

COMMENTS

I have tried some interesting experiments shooting black-and-white in
one camera and color in the other. Exposures have to be carefully made so
that color and black and white densities correspond. Some subjects shown
such footage simply do not notice what is happening and report that the
scene looks like the other color footage into which it had been cut for these
tests. On the other hand, many people are instantly aware that something is
““wrong.” Some are rapidly able to identify the nature of the effect, while
others remain bewildered. A great many of the test subjects report that the
colors appear to be subdued, or desaturated (my term). A great many also
report that the colors seem to shimmer or scintillate. This perception corre-
sponds with my own. No one complained about fatigue or discomfort.

The effect might be used to good purpose in a number of situations. To
me, it suggests something magical or wonderful and might be used to illus-
trate a fantasy, for example.
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Helmholtz (1925) and others reported on the phenomenon called bin-
ocular color mixing, in which one color is presented to one eye and another
to the other eye. What usually is reported by most observers corresponds
very closely to the rules of subtractive color mixing (blue plus yellow is
equal to green). It is interesting that Helmholtz himself could not see binocu-
lar color mixing.

In terms of brain function, the mixing of binocular colors must take
place after binocular processing takes place. Mixing black-and-white and
color footage probably needs to be explained both by binocular color mix-
ing and in terms of retinal rivalry. Binocular color would explain the desatu-
rated nature of the colors, and retinal rivalry would explain the shimmering
effect. | use the word ““explain’’ here merely to indicate that the phenomena
are classifiable under these headings, but the terminology itself explains
nothing.

TEMPORAL SYMMETRY

Temporal symmetry is a parameter that may be applied mainly to dual-
band motion picture systems. It is possible to demonstrate experimentally
that synchronization between the left and right image, for average subject
motion, must be held to within 100° out of the 360° of a single intermittent
cycle for projection, and to far lower values for the photography itself. Al-
though the projection apparatus lent itself to incremental adjustment of
phase relationship between left and right shutters, the camera control cir-
cuitry was not adjustable. There is no reason why a good dual projection
system cannot operate with a phase error of only a few degrees.

Single band systems are not immune from temporal asymmetry effects,
as mentioned in connection with the Soviet Stereo 70 system on page 166.
For example, when using 35mm over-and-under optics (see page 265), on
an Arriflex 2c camera, with a vertical sweep shutter, which occludes one
frame before the other, rapid action displays spurious temporal effects. On
the other hand, when using an Arri 35BL, which has a horizontal sweep
shutter, which occludes both frames simultaneously, no temporal asymme-
try can be observed.

COMMENTS

A peculiar rippling or gelatinous effect is seen when objects are in mo-
tion and there is phase error. Some people will experience strain or will
report that the image appears to be blurry. There is no counterpart in the
perception of the visual world; images always arrive at the left and right eyes
simultaneously. With motion pictures, we have an opportunity to circum-
vent expectation.

Out-of-phase shutters will also prove troublesome with camera move-
ment, creating additional flickering for pans, making them more disturbing
than usual. On the other hand, these out-of-synchronization images can be
used to good creative effect. Shots of waves or rippling water become espe-

* See errgggelins
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ASYMMETRY CAUSE
POST
CAMERA PRODUCTION PROJECTION
. Mismatched T Processing* Mismatched
ILLUMINATION stops Printing light* lenses
Asymmetrical Unequal
vignetting illumination
Different source
emulsions* Polarizers of
mismatch
transmittance
Frame splitter Possible Mismatched
ABERRATION employed introduction in optics
Mismatched optical printing
optics
Excessive Poor alignment of
GEOMETRY keystoning projectors
because of
convergence
angle
Mismatched Unequal Mismatched
COLOR optics processing* optics *
Mismatched filters  Printer lights* Sheet polarizers
Mismatched
emulsions*
High-contrast High-contrast
IMAGE subject subject
SELECTION Subject not in Subject not in
pfane of plane of screen
convergence Poor-quality
polarizers
Head tipping
Poor-quality
screen
Shutters out of Rolls printed out Improperl
TEMPORAL synchronization of repaired break*
or phase synchronization  Shutters out of
or cut out of phase*
synchronization* Projectors out of
synchronization*
Poor registration*  Printer Projectors
REGISTRATION Single-band adjustment* unsteady*
system with Film wear*
frames arranged
180 degrees
rotation

*Double-band systems only

6.3. Catalog of asymmetries.

* See errata list
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cially curious and interesting for many observers, although some people are
disturbed by the effect.

In one shot of a distant smokestack, | displaced one band three frames
with respect to the other. When projected in synchronization, the short in-
teraxial equal to the average interocular provided no stereoscopic relief.
When projected out of synchronization as described, smoke emerging from
the stack appeared to be floating toward the audience, coming forward in
space from an otherwise flat backdrop of factories and railroad yards. The
temporal parallax of the movement of the smoke was used to create spatial
parallax. If the direction of relative movement of the bands of film were
reversed, the smoke might be made to appear to be receding behind the
backdrop. This is a curious effect, which most pairs of eyes will resist, be-
cause of the conflict of the stereoscopic cue and the cue of interposition.

DESIRABLE ASYMMETRIES

With the notable exception of glitter, sparkle, or luster, the only desir-
able asymmetries in a stereoscopic system of photography and projection
are the asymmetries of horizontal parallax. These are determined at the time
of photography by the photographer. The binocular symmetries listed in the
chart can all be considered to be systematic parameters, for the most part
within the province of the manufacturer of the camera and projection appa-
ratus. (In the case of double-band systems, these parameters fall within the
capability of the filmmaker and projectionist.) The desirable asymmetry of
horizontal parallax, which provides the depth information of stereopsis and
is the single distinguishable feature of stereoscopic projection—compared
with conventional planar projection—must be under the creative control of
a skilled photographer. This will be the subject of the discussions in the
following two chapters.
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chapter 7

Binocular Asymmetries:
Depth-Range
Relationships

For the projection of a stereoscopic image using polarized light and crossed
lens axes, the left- and right-image fields are projected on top of each other
in virtual superimposition. The most visible differences between the two
fields are produced by the relatively slight horizontal displacement of image
points resulting from the different points of view, or perspective, of the left
and right camera lenses. These displacements, which we call horizontal
screen parallax or simply screen parallax, are the stereophotographic coun-
terpart of retinal disparity and are the only desirable asymmetrical elements
in the combined images.

In this chapter | will discuss the depth-range relationship and how to
predict acceptable limits for screen parallax before proceeding to explain
the manipulation of camera variables to produce the most pleasing stereo-
scopic effigy, within those acceptable parallax limits.

MAXIMUM PARALLAX

In the basic depth-range or screen parallax equation (see page 114),

1 1
Pn = Mfctc(—D—o—D—""—>

P is the maximum screen parallax, M is frame magnification, f, the camera
focal length, t, the interaxial, and D, and D,,, respectively, the distance from
the camera to the plane of convergence and the distance from the camera to
the far plane. We define the distance between D,, and D, to be the depth
range and call this quantity AD. In the crossed-lens-axes system, an object at
distance D, from the camera will have zero screen parallax, or will appear
in the plane of the screen. The object at distance D,, will produce an image
with the maximum positive parallax in the shot, and the value of this paral-
lax is a major limiting factor in photography.

190
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The challenge in stereoscopic cinematography is to keep screen paral-
laxes as low as possible in order to offset the breakdown of accommodation/
convergence (A/C) and to avoid large parallax values of image points, which
may result in excessive divergence. The maximum screen parallax between
homologous points of distant objects should be kept equal to or less than t,,
the interocular.

However, it is often difficult to limit the maximum screen parallax to t,.
We have noted that homologous points equal to t, lead to optical axes of the
eyes that will be parallel. If we disallow values of P,, larger than t,, we
restrict the depth range, making photography and subsequent projection of
many subjects impossible. Instead we allow atotal divergence of 1°, a value
accepted in the literature by writers such as MacAdam, Gunzburg, Hill,
Levonian, and Ovsjannikova and Slabova.

It is also possible to consult authorities such as Rule, Spottiswoode, and
Norling, who believe that divergence should not be allowed. For six years |
showed divergent footage to a number of subjects, and | found that, with
qualifications, 1° total divergence, (¥2° for each eye), was acceptable.

One qualification is that subjects entirely or very nearly at photographic
infinity (without important foreground compositional elements) should have
no divergence, and in fact look just as deep if the value of screen parallax is
less than the average interocular. If the composition requires the viewer to
observe the background in preference to the foreground, then divergence
ought to be avoided. On the other hand, there are cases in which total diver-
gence greater than 1° is permissible. For example, the background can be
dark compared with the foreground.

Stereoscopic filmmaking is an art, and it is impossible to impose a per-
fectly strict guideline like this. What | am relating consists of my photograph-
ic experience acquired over a period of six years under a variety of condi-
tions. | have been my own projectionist for hundreds of screenings, many of
them public and outside my studio, so that | have had extensive opportunity
to observe the effect of this photography on disinterested spectators.

Figure 7.1 helps illustrate the method for calculating divergence. Let d
be the total divergent or excess parallax, V the distance from the viewer to
the screen, and 6; the angle of divergence. When viewing homologous
points 65 mm apart, the eyes will be parallel. If we add the divergent paral-
lax d to this, we can compute the angle of outward turning or total diver-
gence of the eyes:

tan9d°V=d
Pd:d+te
P; =d + 65 mm

The value for P4, while important, is not the sole determinant of ste-

reophotographic limits. It should be noted that the angle of divergence de-
creases as the viewer recedes from the screen for a given P4, Maximum

screen parallaxes for divergent homologous points can appear to be very
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large, even several times t,, but when analyzed from the point of view of
angular measure, divergence can still be held to tolerable limits. Generally
speaking, large screens are viewed further away than small screens, and the
limit is the maximum screen parallax with respect to those seated closest to
the screen. There, viewers’ eyes will be converged to subtend the largest
angles for all homologous points except those spaced at t,, which remain
constant from all seats. Calculations are based on the correct assumption
that all seats further back will give lower values for divergence.

L PcL
d/a. te
v
%%
te

| .

7.1. Calculating divergence.
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THE STEREOSCOPIC CONSTANT

The stereoscopic constant K is defined as

When P,, is set at the maximum screen parallax, which will give 1° total
divergence, we can write

Pa
Kd ZV
When P, is set to equal a screen parallax equal to t,, we have
K, = e
M
You may wonder why this is not written
te
Ke =

It can be written this way, but when shooting for a variety of screen sizes, in
effect a compromise value for t, may have to be chosen, since P,, is a func-

tion of M. Therefore K, should have useful or nominal value in order to give
a value for P, close to but not necessarily equal to t,.

We can now write (by substitution into the basic depth range equation)

Kd = fctc 1_ — __1__
Do Dnm

which can also be written in the more useful form
1 1 Ka

Dn D, fete

HYPERCONVERGENCE DISTANCE

In crossed-lens-axes transmission systems, all photography will have
some convergence, including that of objects at photographic or stereoscopic
infinity. Workers familiar only with the parallel projection system will find
this curious, since parallel lens axes when photographing the image will
give the desired results. But if the lens axes of the cameras are held parallel
for distant shots, in the CLA system, the result will be zero parallax, since the
two images will be essentially identical. In other words, the image of very
distant objects will be reproduced incorrectly at the plane of the screen. It is
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194 FOUNDATIONS OF THE STEREOSCOPIC CINEMA

better to have some positive value of screen parallax for such shots so that
they will be reproduced in screen space.

But we can find the distance at which to converge the camera lenses in
order to achieve screen parallax for distant objects by using depth-range
equations. When the distance to the far plane D,, is at stereoscopic infinity,
we can set 1/D,, = 0. Therefore we have the equations

1
_ = —Ki or Dy = fete
D, fctc Ka

in the event that divergence is allowable.
If divergence is not allowable, we can write
1 K fot
_— d or Do = ce
Do fctc Ke.

k SvaJeECcT AT
INFINITY

-« ~ HYPERCONVERGENCE.
PoiNnT

7.2. Hyperconvergence distance.
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These relationships define the hyperconvergence distance or the dis-
tance for which the lens axes must be converged in order to produce accept-
able screen parallax for very distant objects. First we have, for D,, the hyper-
convergence distance, or distance to the plane of hyperconvergence, for the
case in which a total divergence of 1° is allowed. Second, we have the
distance to the plane of hyperconvergence when no divergence is allowed,
or when homologous points are approximately t, apart.

We will use the subscript h to denote the general case of hypercon-
vergence distance. Thus

fote.
hd = Kd
and
f.t,
th = Iz:

We can now write the generalized depth-range or screen parallax equation:

1 1 1

This gives us the elegant result of having the reciprocal of the distance
to the far plane equal to the reciprocal of the distance to the plane of conver-
gence minus the reciprocal of the distance to the plane of hypercon-
vergence.

Remembering that we defined depth range AD = D,, — D,, we can
write AD = D, — D,. By substitution into the equation above and simple
algebraic manipulation, we obtain

DpAD = DDy,

Thus the product of the distance to the far plane and depth range is equal to
the product of the distance to the near plane and the distance to the plane of
hyperconvergence.

We shall see that the concept of hyperconvergence distance leads to
additional simplification of the formal development of the subject, and that
physical significance of other relationships is similarly clarified. This will be
shown when we discuss the concept of the near plane which is halfway
between the plane of the screen and the audience.

CALCULATING K

Consider now how to compute the stereoconstant K, which is straight-
forward enough if one is considering a single screen size but becomes more
complicated for a range of screens.

As the example let us take the case of dual 70mm projection on large
screens of various sizes. The projection aperture of this format is 48.6 X
22mm. Projection is to take place on screens of from 22 X 10 mto 11 X 5
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m. | have observed in such theaters that the minimum seating distance from
the screen is equal to the height of the screen. Usually 70mm projection is
done on large screens, with seats rather close to the screen. One attribute of
this kind of filmmaking is that it allows the spectator to observe a screen that
subtends a very large angle of view (Szabo, 1976). If the old rule of thumb
for seating in a motion picture screening room were followed for the Edison
aspect ratio, the distance of the closest seats would be twice the width (or
height) of the screen. Given the 1.3:1 aspect ratio, it hardly matters whether
one picks width or height as a basis for placement of the nearest seats. In a
typical super 8 seating arrangement for a screen 1.3 X 1 m, the closest seats
might be placed at, say, 2.5 m.

It may be instructive to do a simple calculation for the screen parallax
for a total divergence of 1°. Let us take the largest 70mm screen, which
measures 22 X 10 m, and assume that the closest seats are 10 m away.

In such a case,
tan 6,1 V=d
(tan 1° « 10,000 mm = d
0.01746 + 10,000 mm = d
1746 m=d
Py =d +t,
= 174.6 mm + 65 mm
= 239.6 mm

Calculating M for this screen size, we obtain
S

MZW

22,000 mm

48.6 mm
= 453.6

And finally, Kq:
Pq
Ka = M
_ 239.6 mm
453.6
= 0.53 mm

In the same way, we can compute the values in Figure 7.3.

K.
Screen dimensions Area P, Kqa (r;illimeters)
(meters) (square meters) M (millimeters) (millimeters) (Pte=65 mm)
22 X 10 220 453 240 0.53 0.14
11 X 5 55 226 152 0.67 0.28

70mm screen parameters, based on minimum viewing distance equal to screen height.
7.3. K values for dual 70mm format.
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Looking at the figures tabulated in Figure 7.3, for screens 22 X 10 m
and 11 X 5 m, we see a spread in K from 0.53 to 0.67 mm for divergent
values, and from 0.14 to 0.28 mm for nondivergent values. When one tries
to compute a depth-range table, it turns out that it is far simpler to do pho-
tography with large values of K than small values. From the expression for
the hyperconvergence distance, f.t./K, we see that D, is inversely propor-
tional to K, so that large values for K place the hyperconvergence plane
closer to the camera, making photography easier. Since K is inversely pro-
portional to M, it turns out to be easier to photograph for smaller than for
larger screens.

Also bear in mind that seats behind the first row will provide easier
viewing conditions, since parallax, in terms of angular measure, decreases,
reducing any possible strain produced by A/C breakdown or by excessively
divergent homologous points,

The seats in some theaters are closer to the screen than in others, further
complicating an already difficult situation. But even seats close to the screen
will be acceptable to some patrons, for example, very young people with
supple eye muscles. The example | have chosen for illustrating K, and K is
the most difficult possible case | have encountered, since it involves projec-
tion on very large screens with very close seating.

In looking over the table for K for purposes of calculation, | decided to
pick values of K; equal to 0.57 mm and K, equal to .18 mm. It is impossible
to do perfect photography for a range of screen sizes that runs from 55 to
220 m2. Only a compromise is possible. | decided on these K values because
they favor the larger screen sizes while still allowing workable values for
photography.

COMPUTING D,

We now have a convenient form of the depth-range equation for com-
puting tables that will aid us in stereoscopic photography. Given a focal
length and interaxial setting, knowing the distance from the camera to the
plane of convergence, we can look up the allowable distance to the far
plane. This distance can be computed to allow 1° total divergence, or no
divergence, or anything in between. As you shall see, the working technique
has been to compute sets of tables based either on allowing divergence or
on essentially no divergence. This makes it possible to select or estimate
desirable intermediate values.

These tables include the distance to the plane of hyperconvergence, to
allow setting the lens axes for the infinity condition. It is also possible to
employ a table of hyperconvergence distances as the basis for computation
in the field by nonprogrammable pocket calculator.

At this point, if so desired, we can compute 70mm hyperconvergence
tables for the given K values, 0.57 mm for the divergent condition and 0.18
mm for the nominal interocular condition. On very large screens, photogra-
phy based on K, will produce homologous points for infinity objects with
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parallaxes somewhat greater than t,, whereas on smaller screens, the maxi-
mum parallaxes will be less than t,. The same sort of changes in parallax
occur with K.

These tables were calculated while | was consulting with United Artists
Theaters for their dual 70mm stereoscopic system. Note that the camera
used had a range of t. from 0 to 100 mm, and tables were calculated based
on intervals of 10 mm beginning at 15 mm. These 70mm tables are given
here as an example of how such tables can be arranged.

As has been mentioned, these tables can be used at the time of photog-
raphy to compute distance to the far plane D,, from the relationship

1

1
D. ~ D,

1
Dp
Focal length (millimeters)
Kp = 0.57 mm
15 25 35 45 55 65 75 85 95

50 1.316 2.193 3.070 3.947 4.825 5.702 6.579 7.456 8.333

75 1.974 3.289 4.605 5.921 7.237 8.553 9.868 11.184 125

100 2.632 4.386 6.140 7.895 9.649 11.406 13.158 14.912 16.667

150 3.947 6.579 9.211 11.842 14.474 17.105 19.737 22.37 25.00

Values in meters

B Focal length (millimeters)
K, = 0.18 mm
15 25 35 45 55 65 75 85 95

50 4.167 6.944 9.72 125 15.28 18.06 20.83 22.22 26.39

75 6.25 10.417 1458 18.75 2292 27.08 31.25 35.42 39.58

100 8.33 13.88 19.44 250 30.56 36.11 41.67 47.22 52.78

150 125 20.83 29.17 3750 4583 54.17 625 70.83 79.167

Values in meters

7.4. Hyperconvergence tables. (a) With divergence; (b) Without divergence.
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For example, with a 50mm lens, if we are shooting a subject placed in
the plane of convergence at 2 m, we can find the distance in the far plane
resulting in 1° divergent screen parallaxes, or in nondivergent parallaxes. Let
us suppose that (. is set at 45 mm. For the divergent condition

1 1 1

D,. 2m 3.945m
D,, = 4.01 m

For the nondivergent condition, given the same camera parameters

11
Dwa  2m 12.5 m
Dmd =24 m

If we were to pull back the camera just one more meter, so that D, was
equal to 3 m, we would have a great increase in distance to the divergent far
plane. For the divergent condition, Dy, = 12.5 m, and for the nondivergent
condition, Dye = 3.95 m.

As D, approaches Dy, the depth-range increases rapidly. Although use-
ful tables like these can find the needed D,, in a few seconds in conjunction
with a simple pocket calculator, a set of tables solving for D,, may be handi-
er. Such tables are presented beginning on page 203 for the various formats.

| have gone to the trouble of doing these numerical examples because a
stereoscopic filmmaker may have limited mathematical training but still be
faced with the need to produce depth-range tables for specific purposes. The
arithmetic is not hard, only tedious; but pocket calculators, particularly pro-
grammable models, can vastly simplify the work.

DEPTH-RANGE PARAMETERS

The same kinds of considerations that were applied to large-format
work projected on giant screens went into my formulation of depth-range
tables for other formats. Instead of the seats beginning at about a distance
equal to the height of the screen, as was the case with 70mm, seats are more
likely to be placed somewhat further from the screen.

The principle set forth here of the invariance of screen parallax (page
118) holds that all formats projected on the same size screen, given the same
camera parameters, will produce images with the same screen parallax and
perspective. For this to be true, lenses must have the same angle of view, and
the interaxial and distance to the plane of convergence must be set the same.

Given this constancy, depth range for photography with one format will
be the same as photography with another. It is important to bear in mind that
larger formats tend to be projected on larger screens, but the compensating
factor is that people also tend to sit proportionately farther from large
screens. Of course, this does not hold true for 70mm panoramic projection.
If seating is moved proportionately further away, so that the angle of the
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large screen subtended at the eye is the same as that of the small screen,
given equal photographic parameters, the depth range will be the same for
both. This is the case despite the fact that screen parallaxes are greater for
the larger magnification, because the most significant factor is actually reti-
nal disparity, which is the same in both cases. One must never forget that the
eyes are the final link in the stereoscopic optical system.

THE NEAR-RANGE EQUATIONS

It has been assumed that the volumetric compositional elements select-
ed by the cinematography will lie at or behind the plane of convergence—
the plane of the screen during projection—to a far plane of maximum dis-
tance. Without even taking into consideration the factors dealing with
proper selection of focal length and interaxial setting together with camera
to subject distance, the major limitation so far is that homologous points of
objects in the far plane tend to move apart rapidly as distance from the
camera increases. Once these values exceed some safe limit, strain will be
produced, first for audience members in the closest seats, and then, depend-
ing on the magnitude of the parallaxes involved, extending backward
through the theater rows.

Now let us consider the relationships necessary to predict the effect of
objects closer to the camera than the plane of convergence. Let us recall that
objects photographed in front of the plane of convergence will by conven-
tion be assigned negative values for screen parallax, (crossed parallax) and
that these objects will appear in theater space.

In 3-D projection, screen and theater space are bounded by the plane of
the screen, and their counterparts in the stereophotographic field are beyond
and in front of the plane of convergence; the plane of convergence is the
boundary. We will arbitrarily set the limit for theater space parallax at -65
mm. On the basis of parallax considerations alone, objects with -65 mm
would appear halfway between all observers and the screen no matter what
distance they are from the screen. This implies that the location of objects in
space is determined by the eyes functioning in the manner of an optical
rangefinder. This is subject to qualification: Extra-stereoscopic cues scale
stereopsis. Since this is the case, and on the basis of my observations, it is
indeed rare that an object with a parallax value of -65 mm appears to be
halfway between the viewer and the screen to every person in an audience.

Most people have no trouble fusing images with a parallax of -65 mm,
but those sitting in the closest seats will have a harder time fusing the image
than those farther from the screen, since angular measure of parallax is the
significant factor. There may be occasions when for shock effect or other
reasons the decision is made to place objects even closer to the spectator
than -65 mm. However, the filmmaker is advised that extra-stereoscopic
cues, such as perspective, can emphasize even low values of negative
screen parallax. The use of this alternative is preferable to large negative
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parallaxes, since stereoscopic photography beyond certain limits can pro-
duce unpleasant sensations.

Nevertheless, large values of parallax, quite a bit greater than t,, can be
comfortably fused by many people. According to the rule given by Valyus
(page 100), for a thirty foot screen, this works out to almost one foot of
negative screen parallax.

Arguments can be made to extend the basic depth-range equation to
take into account the near-plane condition. Both Rule (April 1941) and Spot-
tiswoode (1953) have derived this relationship:

1 1 2P,

D, D, Mfit,

It should be noted that the subscript 2 designates the near plane D,.
Recall also the relationship for the hyperconvergence distance:

Pe
- he
Mf.t,
So we can now write
A1 __2
D2 Dm Dhe
And solving for 1/D, gives us
Dy Dpe Dn

Thus, by solving for the near-plane distance in terms of the hypercon-
vergence distance and the far-plane distance, we have expressed what we
call the near-range equation. Note the special case when D,,—»:

1 __2

Dz Dhe
or

D

=2 =D

This result is interesting. To record the stereoinfinity plane, when the ste-
reocamera is set for the hyperconvergence distance, the near plane is half-
way between the camera and plane of hyperconvergence.

We can also present the near-range equation in terms of the hypercon-
vergence distance and the distance to the plane of convergence. The basic
depth-range equation
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into which the near-range equation is substituted
1 1 1

D, Dm D
to produce the desired result:

1T 1,1
D2 Dhe Do

With regard to this relationship, when D, = Dy, we have
1 2

D;  Dre

This result has already been given when D, —x.

Finally, we can solve the near-range equation in terms of the distance to
the plane of convergence and the distance to the far plane by similar manip-
ulation to produce

1
D, Dy D,
In this case, when D,,—%®, 1/D,, = 0, but then D, = Dy, and we again have

1 _ 2
D2 Dhe

Any one of these relationships properly applied can be used to solve for
D,. Perhaps the most convenient form of the equation is the way it was first
given, in terms of D, and D,,. One suggestion is first to calculate values of
D, (for the nondivergent case) and tabulate these. With this as a basis, com-
pute and tabulate a set of tables solving for D,,, the most important un-
known. Given sets of tables for D, and D,,, we can then, in a straightforward
operation, calculate and tabulate values for D,.

THE TABLES

The basis of the calculations of the depth-range tables for the 70 mm
dual format has already been given. This case does not represent a situation
likely to be encountered by many filmmakers, but it is interesting because it
is the most difficult, in terms of limited depth range. Tables for the super 8,
16 mm, and 35 mm formats may be constructed by similar means. While the
K value for the 70 mm format was calculated by assuming that the nearest
spectators would be seated a distance from the screen equal to the screen
height, the super 8 K values were calculated by assuming that the nearest
spectator would be placed at a distance of twice the screen width, and for 16
mm at a distance of twice the screen height. For the 35 mm format, the K
values assumed that the closest seats in the house were at a distance equal to
the screen height, as is the custom in many theaters.
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7.5. Super 8 depth-range table continued.

FOUNDATIONS OF THE STEREOSCOPIC CINEMA

D, (meters)

o

te]

LN
wn

0
<

N
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LN
™~

1.88
0.94

7.50

2.14

Dime

25 mm  Dpa

097 107 115 122 128 132 136 140 143 148 152 155 1.58
4. 9.64 27.00

0.83
2.70

0.65
1.42

D,

3.38

91

Dme

45 mm  Dpgq

2]
<]

o
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(3]

—

2.45 2.52
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2.
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D,

o
o

<
Lﬁll
(=]
L

[e)]
™~
o
~

N
~

@

o
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1.46

65 mm Dmd

2.47
15.30 23.18 40.07 102.00

3.16 3.28

3.03

2.69 2.87

2.58

204 220 2.34
10.74

7.76

1.86
5.67
51.00

1.42  1.65
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o]

18.24 25.20 63.00

10.50 13.70

8.13

6.30

4.85
12.60 31.50

3.66
6.85
1.90

2.68
4,

1.85
2.42
1.26

1.15
1.34
0.89
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105 mm Dpg
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242 265 286 3.06 324 341 371 397 420 441

2.17

1.59
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S: DEPTH-RANGE RELATIONSHIPS

BINOCULAR ASYMMETRIE
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7.6. 16mm DEPTH-RANGE TABLE

16mm F, = 12.5 mm

FORMAT

Kis = 0.47 mm

Ke = 0.2 mm

FOUNDATIONS OF THE STEREOSCOPIC CINEMA

D, (meters)

Ds

10.

5.5

4.5

3.5

2.5

1.5

O
G

8

8

=]
(T3]

[
o

®
P

o~

“me

25 mm  Dpyg

0.66

077 088 096 1.03 1.08 112 116 119 122 124 1.28 131 133 135
3.21

0.61

D,

2.81
1.20

6.92 2250

55

1.

Dme

45 mm Dpa

6.08

D
o~

N

.14
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-
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=
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—
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—
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™
<

4.06
1.73

Q0

11.47 25.28 260.00

394 6.50

2.38
11.34
1.10

2.09

1.33
2.37
0.80
1.23

me

65 mm  Dpyg

2.24

16.19 29.42 85.00

242 257 269 280 2.89

2.34

1.55 1.73 188 202 2.14
6.89

1.34
3.21

D2

5.31

10.26

4.72

Dme

X}
™~

™~

Ly
[ap}

N

o

o}
N

270 282 3.02 319 334 347

2.58

1.17 145 170 192 2.11 2.28 2.44

0.84

D,

L
u

©

2.79

1.56 3.24 7.05 23.86 %
1.22  1.53

0.87

105 mm Dyg

84 299 313 339 361 380 396

2.

249 267

206 2.28

1.81
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TRIES: DEPTH-RANGE RELATIONSHIPS

BINOCULAR ASYMMLI
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7.6. 16mm depth-range table continued.

¢
)

.2 mm

FOUNDATIONS OF THE STEREOSCOPIC CINEMA

D, (meters)

6.25

®

16.07 25.00 45.83 150.00

197 294 417 577 7.95 11.11
3.44

1.21

1.73

1.19
1.60
0.86
1.10

Dme

25 mm  Dyq

8.06 41.67

1.52
2.43

203 224 244 262 278 293 3.06 3.30 3.51 369 3.85
508 6.21 7.50 9.00 10.76

4.09

1.79
3.21

D,

11.25

12.86 18.53 27.69 45.00 90.00

Dme

)]
IN

132 1.70 2,05 237 267 295 321 346 3.69 391 432 468 500 5.29

0.92

D,

6.91

18.06 26.88 45.35

12.89

9.49
3.21
4.93
7.17

7.09

5.30

3.92
2.17
2.83
3.46

2.81

1.92
1.37
1.61
1.80
1.40

1.17
0.94
1.05

1.12

65 mm Dpgq

6.19
18.89

5.79
15.61

5.36
12.83

4.38 4.89
8.36 10.44

4.11

3.82
6.54

11.18

3.52
5.71
8.96

2.88
4.19
5.71

2.53
3.49
4.49

1.78
2.21
2.57

D,

21.25

7.42
14.04

Dme

85 mm Dyqg

9.04

[¢ ]

17.83 30.99 69.39 1912.50

Q)
o

ol
o
o)

L
(o))

0N

()]

16.15 26.25

13.70

11.51

7.78 9.55

6.96
10.83
4.55

6.18
9.05
4.20

5.43
7.54

3.84

4.72
6.23
3.47

4.04
5.10
3.09

3.39
4.10
2.69

2.76
3.22
2.28

2.16
2.44

1.59

1.04

Dme

105 mm  Dpgq

11.17

12.96 18.75 28.19 46.32 95.45

1.73
1.42

1.10

0.96

6.70 7.24

6.13

4.88 5.53

1.86
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7.7. 35mm DEPTH-RANGE TABLE

BINOCULAR ASYMMETRIES: DEPTH-RANGE RELATIONSHIPS

FORMAT 35mm F, = 25 mm

= 0.37 mm

™

K

K., =0.18 mm

D, (meters)

5.5

4.5

3.5

2.5

1.5
2.64
13.39

‘J}

3.47
1.69

8.93 2206

4,72

1.40
2.45

Drme

25 mm Dpgq

N
A

N
~N
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]

0
N

6.25
3.04

16.07 25.00 45.83 150.00

294 417 5.77 7.95 11.11

1.97
2.96
1.21
1.80
2.28
1.29

1.19
1.49
0.86
1.12
1.29
0.90

Dme

45 mm Dga

3.85

69

3.

3.51
17.89 31.16 70.27 2925.00

3.06 3.30

2.93
14.07

2.78

11.21

2.62
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2.44
7.18
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9.47 17.23 44.83
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4.49

1.79
3.46
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1.96

1.52
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1.64
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e ]

72

Dme
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o~
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S
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85 mm Dpg
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e o]
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6.28 8.96
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7

3.0

2.03
1.33

1.21

0.9

5.41
31.82

5.11
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13.46 17.72 23.51

4.39

3.98
10.19
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DEPTH-RANGE RELATIONSHIPS

BINOCULAR ASYMMETRIES
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FOUNDATIONS OF THE STEREOSCOPIC CINEMA
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DEPTH-RANGE RELATIONSHIPS

S

BINOCULAR ASYMMETRII
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7.8. 70mm depth-range table continued.

FOUNDATIONS OF THE STEREOSCOPIC CINEMA

D, (meters)

13.89

19.16 26.10 36.76

234 306 384 470 564 669 786 917 10.65 14.27
3.68 9.49

2.47

3.41

1.75
2.18

1.68
2.28
1.35
1.60

1.08
1.30
0.93

Dme

25 mm  Dpg

4.39

17.33 45.45

5.81
2.12
2.78

311 340 368 394 419 465 508 546 5.81
550 6.27 7.07 792 9.76 11.83 14.15

4.77

2.80
4.08

D,

1.04

Die

7.14
13.89

6.62
12.03

6.06

10.31
18.13 26.80 42.70 81.25

5.47
8.7

4.84
7.21
12.66

4.51
6.50
10.62

4.17
5.81
8.90
4.39
5.60
7.52

3.81
5.15

3.45
4.50
6.16
3.60
4.37
5.47

3.07
3.88
5.05
3.19
3.78
4.57

2.68
3.28
4.07
2.77
3.21
3.76

2.27
2.69
3.20
2.34
2.64
3.00

1.85
2.12
2.43
1.90
2.09
2.31

1.42
1.57
1.73
1.44
1.55
1.67

0.96
1.03
1.10
0.97
1.02
1.07

36.11

1

11.40

7.43
4.00
4.98
6.44

65 mm Dpq

7.83

7.20

11.15

6.55
9.65

5.86
8.23
13.19

5.15
6.88
10.04

4.77
6.23
8.71

D,

12.72 47.22

Dme

85 mm Dpg

14.91

17.26 22.70 30.36

LN
o~

Vo]
L

o
o
n

o

12.10 58.33

10.66

9.29
14.14

7.97
11.29

6.70
8.90
5.44

6.08
7.84
5.03

5.47
6.86
4.61

4.88

4.30
5.11

3.74

3.73
4.32
3.30

3.16
3.58
2.85

2.61
2.89
2.40

2.07
2.24
1.93

1.54
1.63

1.02
1.06
0.98

Dme

18.42

17.60 21.88

5.95

Dmd

105 mm

7.04 7.80 8.54

6.25

4.18

4

D,
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BINOCULAR ASYMMETRIES: DEPTH-RANGE RELATIONSHIPS 215

The 70 mm format uses a 2.2:1 aspect ratio, the super 8 and 16 mm
formats a 1.3:1 aspect ratio, and the 35 mm format is given a 2.3:1 or scope
aspect ratio. Only the 35 mm format is assumed to be a single-band system,
using the over-and-under or twin Techniscope format, but as long as the
format sizes maintain standard dimensions, it makes no difference whether
they are dual- or single-band. Of the given formats, the greatest variability in
screen shape exists for the 35 mm frame. The super 8 and 16 mm formats are
almost presented at 1.3:1, and 70 mm at 2.2:1. On the other hand, 35 mm is
projected in ratios from 1.3:1 to 2.3:1, with intermediate values of 1.85:1
and 2:1 frequently used. | selected the over-and-under 35 mm system, with
its approximately 2.3:1 ratio, because it is a likely candidate for commercial
acceptance.

The most important focal lengths for shooting stereo movies will proba-
bly fluctuate between values somewhat less than the diagonal of the format
to about three times the diagonal, and the tables have entries based on these
considerations.

Various factors play a role in the selection of which values to tabulate. It
would have been nice to offer additional values for focal lengths, or others
for interaxials, which are given here from 25 to 105 mm in steps of 20 mm,
Tables with additional K values based on other assumptions about seating
and relative screen size could have been offered. To provide all the tables
that might be interesting would have taken many more pages. | have tried to
give the most useful information in a relatively small number of tables.

Filmmakers who need great precision or who know they are going to be
shooting for a specific screen size would do well to calculate their own
tables or to use a programmable calculator to produce depth-range limits in
the field.

The K values derived were based on a range of frame magnifications of
from about 200 to 400. This, it is felt, is typical of motion picture systems. To
shoot a stereoscopic film for the largest value of M for a given range of
screens would ensure control of divergence and avoidance of a breakdown
of the accommodation/convergence ratio for screen points with negative
parallax for all screen sizes. However, this might lead to needless restrictions
in photography for small screen sizes, and some compromise value of K was
chosen favoring the largest screens. Usually 10% was added to the largest K
in an attempt to increase depth range. Given a constant value for Py, of 65
mm, equal values of M for all formats will have the same value for K., and
for this reason K, is usually in the range of 0.2 mm.

The relatively limited depth range for 70mm photography is attributable
not to the large screen size but to the custom of having seats very close to the
large screen. If the closest seats were twice the screen width away, with
suitable adjustment for aspect ratio differences and given equal camera pa-
rameters, then depth range for 70mm photography would be the same as
that for the super 8 format, for example.
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216 FOUNDATIONS OF THE STEREOSCOPIC CINEMA

OBJECT MAGNIFICATION AND DEPTH RANGE

Given the basic form of the depth-range equation,

1 1
P, = Mf.t, B(: —D—m'

P Mt t.D,,. 3 Mft.D,
"™ DDm  DeDnm

we can write

and

B Mft.

" DyDy (D — Do)

When discussing the Soviet transmission system, we derived the rela-

tionship between object and frame magnification, which is given here in our
notation:

m

foM
m =
D,
By substitution, we have
D, — D
P, = mt, 2
Dm

We will call the expression (D, — D,)/Dy, the reduced depth range and
write it as AD. Then we have

P S—
= AD
mt,
Therefore
AD al
m

Thus the depth range, D,, — D, or AD, is inversely proportional to
object magnification. The larger the image of the object the less the depth
range; the smaller the image, the greater AD.

Depth range varies with object magnification. Now we will investigate
how depth range changes if distance to the plane of convergence and then
object magnification remain constant.

If D, remains constant but f, varies, then m changes. This must be true
because

fcM
m =
D,

Given the condition that D, remains constant, in terms of the depth-

range relationship,
1 K\ -1
Dp =(— - —
DO fCtC

* See errata list
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BINOCULAR ASYMMETRIES: DEPTH-RANGE RELATIONSHIPS 217

If D, is constant (as is t.) but f, increases, then D,, decreases. If D, is
constant (as is t,) but f. decreases, then D,, increases. To put it another way,
given a constant distance to the plane of convergence, increasing the focal
length decreases the depth range and vice versa.

If m remains constant, D, must vary in direct proportion to f,, as shown
by the object-frame magnification equation above. By multiplying both D,
and f, by any number N, we will keep m constant. Thus

1
~ ND, — K./Nf.t,

. or

Dmn

B N
" 1ID, = Ko/ht,

For the case of hyperconvergence distance given by

fCtC
Dy = K.
when multiplying f. by N,
Nf.t
Dpn = KZ :

So we can state that increasing f, and D, N times also increases D,, and
D, N times. The reader can confirm this by comparing entries in the depth-
range tables. For example, given the super 8 format, as we quadruple the
value of both f, and D,, giving constant image magnification for the object in
the plane of convergence, we find that the value of D, is also quadrupled.
For f, = 7 mm, and the entry under D, = 1.5 m (for t, = 65 mm), we find
D, = 4.40 m. For the corresponding entry under f, = 28 mm, D, = 6 m
(t. = 65 mm), we find Dpe = 17.61 m.

The same arguments can be advanced concerning D,, which also var-
ies in proportion to changes in D, and f,, while m remains constant.

We can summarize these observations. Depth range (AD, or Dy, — D)
is the difference in distance between the far and near planes. It is inversely
proportional to m, or object magnification. The larger the projected image of
the object photographed in the plane of convergence, the less depth range
we will have, other photographic variables remaining constant.

If D, remains constant and we vary the shot by changing f. (assuming a
constant t.), object magnification m will decrease proportionately as f. de-
creases and vice versa. As the focal length of the shot decreases, object
magnification will decrease but depth range will increase, and vice versa.

If we increase the distance to the object in the plane of convergence
proportionately with an increase in focal length, object magnification will
remain constant, and the distance to the far plane will proportionately in-
crease (assuming a constant t.).

In other words, given constant image magnification m for the object at
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218 FOUNDATIONS OF THE STEREOSCOPIC CINEMA

the plane of convergence distance D,, as D, increases in proportion to f,,
then depth range D, — D,,, or distance to the far plane D,,, increases propor-
tionately (or decreases as D, and f, increase).

One implication of this is that one cannot get something for nothing. If
one moves back from the object to take the shot in order to increase AD,
maintaining a constant f;, then m will decrease. One will get more AD, but
the composition of the shot may not be acceptable, since the primary object
of interest has diminished in size.

If one moves away from the primary object at D, and increases f. pro-
portionately to maintain m, AD will increase, but because of perspective
considerations, the relative juxtaposition of foreground and background will
have been altered, perhaps again spoiling the composition. And it may not
even be physically possible to move the camera farther away from the sub-
ject.

Increasing AD this way may be of most use in the studio, where longer
distances to the primary object, an actor usually, can be conveniently ar-

constant m, constant t.

D, 1.5m 30m 6.0 m
fe 12.5 mm 25 mm 50 mm
te 65 mm 65 mm 65 mm
D e 238 m 476 m 9.5Tm
D na 11.34 m 2267 m 4535 m
D, 1.10 m 219 m 4.38 m

7.9. Constant m, constant t..

constant m, t. varied to account for perspective

D, 1.5m 3.0m 6.0 m
fe 125 m 25 mm 50 mm
te 45 mm 65 mm 85 mm
D e 32T m 4,76 m 8.36 m
D na o0 22.67 m 17.83 m
D. 0.98 m 219 m 4.68 m

7. 10. Constant m, t, varied to account for perspective.
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BINOCULAR ASYMMETRIES: DEPTH-RANGE RELATIONSHIPS 219

ranged. In the field, or for documentary work, this may be out of the ques-
tion, since it is usually impossible to remove existing walls, and so forth, in
order to compose a shot.

So far no mention has been made of varyingt, in terms of compensation
for perspective scaling factors. If you wish to move back from the subject
and accept reduced m, shorter focal lengths can possibly call for reduced
interaxial distances, further increasing the depth range. However, in many
cases, one may not wish to reduce t., since increased distance from the
subject, shorter focal length notwithstanding, will reduce the stereoscopic
effect.

On the other hand, when moving back from the subject in the studio to
increase depth range, some increase in t, is in order, to compensate for
relaxed or flattened perspective created by increased distance. This increase
in t, would tend to decrease depth range, but most of the time this is not
enough to offset gains produced by shooting from a greater distance.

In the accompanying tables the reader will be able to observe the ef-
fects of these factors. | have taken the case of a medium shot of a person,
from three distances, with proportional increases in f, to maintain a constant
m. The first table, in which the T6mm format is assumed, gives depth-range
data for a constant t.. The second makes moderate changes in t. in response
to perspective changes.

DEPTH OF FIELD AND DEPTH RANGE

It may seem obvious to some readers that there are certain similarities
between the concepts of depth of field and depth range. Depth of field ap-
plies to planar as well as stereoscopic photography and is used to establish
limits for acceptable focus in front of and behind the plane in space on
which the lens is focused. Thus we can draw a comparison between near
and far limits of focus and D, and D,,, while the distance to the plane on
which the lens is focused is comparable to D,. In addition, | have defined
the hyperconvergence distance, Dy, and by so naming it have drawn an
immediate comparison between it and hyperfocal distance.

The calculation of depth of field tables is based on an arbitrary constant,
called the circle of confusion, which is related to resolution. Sometimes it is

taken to be
fc

1000

At other times, other values may be chosen to increase or reduce the
depth of field to correspond to the distance of the viewer from the image, or
enlargement of the image. Once again there is a compelling similarity, this
time between the circle of confusion and the stereoconstant K, which is
selected for divergent and nondivergent maximum screen parallaxes.

Having drawn all of these comparisons, | would like to state that depth
of field and depth range are entirely distinct physical entities and have no
relationship to each other.
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220 FOUNDATIONS OF THE STEREOSCOPIC CINEMA

It may be obvious, but it should be said: The lenses of a stereocamera
may be focused for one distance and converged on another.

If the limits of depth of field are exceeded, the image will simply appear
to be out of focus. Exceeding the limits of depth of field does not result in
pain or discomfort. If the depth range criteria are exceeded, homologous
image points go beyond allowable standards for fusion, and eyestrain does
result.

Depth of field effectively applies to vision with one eye, even if the
image is being seen with two. Depth range applies to both eyes working as a
team while viewing a stereoscopic effigy. There is no doubt of it. It is the
nomenclature that is confusing. For the term ‘‘depth range,” | believe we
can blame Messrs. Spottiswoode. For “’hyperconvergence distance,”” | am to
blame.

Although | have taken the trouble to stress that the two quantities are
different, as a teaching aid it may be helpful to compare the two. In the sense
that limits of object distances close to and far from the camera are given,
there is a similarity that might help some people understand the concept.

ACCOMMODATION/CONVERGENCE

Although most people do not experience strain as a result of moderate
departures from the habitual accommodation/convergence relationship,
there are some who may experience certain difficulties, especially during
initial exposure to stereoscopic projection. The eyes are focused on, or ac-
commodate for, the plane of the screen, but are converged in accordance
with the value and sign of screen parallaxes. Only when screen parallaxes
are zero will accommodation and convergence follow their normal pattern.

In order to minimize any strain resulting from this factor, especially for
short audience-to-screen distances, stereoscopic filmmakers should be care-
ful to take certain practical steps. Whenever possible, the object of primary
interest ought to be photographed at the plane of convergence, so that it will
have essentially a zero parallax and appear in the plane of the screen. Al-
though this advice cannot always be followed, it will prevent the breakdown
of accommodation/convergence and also eliminate ghosting resulting from
imperfections in the selection technique.

Further, to be compatible with the creation of a decent stereoscopic
effect, image points should have the lowest possible screen parallax. A good
rule of thumb for quality stereoscopic cinematography is that when viewed
without glasses it will appear less doubled or blurry than photography hav-
ing very large parallaxes. Well-shot and well-projected stereo images tend to
resemble planar projected images closely, since values for parallax are low.
Such images will not appear to have reduced depth, if the photography is
properly executed. It might be too much to expect this approach to be usa-
ble for all shots in a film. Nevertheless, in order to produce the most pleasing
photography for the greatest number of people, it is good advice to keep in
mind.
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Binocular Asymmetries:
Photographic Variables
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transmission system. In Chapter 6, the necessary symmetrical qualities of the
left- and right-image fields were described. In Chapter 7, | wrote about the
only acceptable departure from these symmetrical conditions, namely, hori-
zontal screen parallax. | then provided the reader with accurate means for
quantifying screen parallax as a function of photographic and projection
parameters.

Now it is time to learn how to vary the creative photographic controls in
order to produce the most pleasing stereoscopic effigies. If improperly pho-
tographed, stereoscopic images may appear distorted to many viewers. Typ-
ically the image may appear to be either elongated or compressed. The in-
terrelationship between the stereopsis depth cue, given by screen parallax,
and extra-stereoscopic depth cues, principally perspective, is discussed.
Guidelines are provided for the cinematographer wishing to control the ap-
pearance of the projected image based on its appearance in the visual world
and camera controls. The relationships between the important camera varia-
bles—focal length, interaxial setting convergence, and distance from the
camera to the primary subject are described.

PERSPECTIVE CONSIDERATIONS

The depth-range tables are calculated for those sitting in the closest row
to the screen, who will experience the greatest vergence effort when fusing
left and right fields. These people will experience the greatest divergence
when fusing distant homologous points for shots in which controlled
amounts of positive parallax exceeding t, are allowed, as well as the greatest
effort of convergence for effigies with large values of negative parallax. We
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222 FOUNDATIONS OF THE STEREQSCOPIC CINEMA

can specify exactly near and far planes as limits for placement of objects in
the photographic field, given a stereoconstant K, camera variables of f, and
t., and distance D,. These limits, ultimately, are based on the resulting
screen parallax and the vergence produced by these parallaxes.

We can now establish a second criterion of stereophotography to deter-
mine the choice of camera variables in a somewhat less exact sense. This
standard is based on perspective considerations; the specifiable parameters
are a matter of artistic judgment and are not exactly determinable.

We know that for a given set of f,, t,, and D,, assuming a specified K,
we can determine near and far limits for placement of objects in the shot.
But how are f,, t., and D, determined? We know that the near and far limits
of object placement in the shot are a function of the nearest viewers’ dis-
tance from a specific screen. The focal length, interaxial, and distance varia-
bles to the plane of convergence are chosen for the most part in terms of
perspective considerations, and these are a function of the distance of the
average viewer from the screen. Our nearest viewer, who determines depth
range, is not the viewer seated at the average distance from the screen. In
motion picture screening rooms and theaters, only after the center seats and
seats behind the center section are filled will audience members take seats
close to the screen. There are exceptions, of course, those who prefer to be
overwhelmed by the totality of the motion picture experience and choose
the closest seats.

Out of kindness to these people, we have computed the depth-range
tables. But it is for the vast majority of people, more or less centrally seated,
that camera variables are selected to present the most pleasant images that
show the least distortion.

According to the relationship V = Mf, there will be only one theoreti-
cally perfect seat for any given focal length and screen size. But relatively
undistorted images occur for viewers placed a liberal distance fore and aft of
V, and I find it more helpful to think of shooting for a group than for one
privileged individual at V.

The attempt is to aim for the most pleasing photography for our central-
ly located audience members in terms of perspective considerations and
then allow everything else to take care of itself. This is more or less the
approach used when photographing planar films, and it is all that any cine-
matographer can hope to achieve. We must realize that the motion picture
experience is far from being isomorphic with the visual world, in the sense
meant by Gibson (1950). Rather, the challenge is how creatively we use the
departures. Departures from orthoperspective will be seen more strongly in
stereo than in planar films because stereopsis is scaled by extra-stereoscopic
cues, in particular the perspective cue, and perspective distortions are
heightened when viewed stereoscopically. The question is whether this per-
ceived exaggeration is a current problem because the viewing population is
inexperienced or even unskilled at viewing stereo effigies. Can it be that
after acclimation or education to the qualities of the stereo cinema, audi-
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ences will adjust themselves to its nonortho- or nonisomorphic nature?

In small theaters or screening rooms such as those for super 8, changing
from the ortho seat to one in front or behind it will substantially alter the
shape of the stereo effigy. By contrast, in a large theater, even several rows
from the ortho seat will not greatly change the shape of the effigy, since the
distance represents a proportionately small change in the total distance from

the screen.

13m y

._m
T

rScm::-:m

26m

41 m

NEAR LIMIT

8.1. Plan of a screening room.
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224 FOUNDATIONS OF THE STEREOSCOPIC CINEMA

Those behind the ortho distance V will see an exaggerated depth effect,
and those closer than V will see a diminished depth effect. Although it may
seem contradictory, those closer than V often report that the image appears
more real or tangible, even if less stereoscopic depth is manifested. People
viewing the image from a distance greater than V often see a more model-
like, less ““real”” image, but one with increased stereoscopic depth.

It can happen that there will be subjects of interest at more than one
distance from the camera. If the action in one plane is more important than
another, the most obvious approach would be to set the camera variables for
that distance and to let the effigy at the other distance take care of itself.
Another alternative might be to split the difference and arrive at a compro-
mise t.. This approach often produces pleasing results.

In some cases, a character will move from a distant position to one
nearer the camera, and | have observed no difficulties. Apparently the eye-
brain is used to scaling stereopsis according to perspective in relative terms,
and objects moving closer to the camera will always appear to have in-
creased parallax and increasingly stressed perspective. This is what happens
in both the visual and stereophotographic fields.

After many years of looking at people and other objects, we have be-
come accustomed to associating a certain perspective cue with its accompa-
nying stereopsis cue. But the question for the stereoscopic filmmaker is
whether this habitual perceptual response is so firmly ingrained that depar-
tures will cause annoying distortion. If this is the case, stereoscopic filmmak-
ing is going to be a terribly limited form. However, | believe that just as the
eye-brain interprets the visual field and makes out of it the visual world, so
too the mind will interpret the stereophotographic field as a new version of
the visual world. While the stereoscopic world may lack congruence with
the usual perception of the visual world, it can have an esthetically satisfying
integrity in the context of a motion picture presentation.

CAMERA PARAMETERS AND PERSPECTIVE

Given projection on a screen of a certain size, parallax values are deter-
mined by D,, f., and t.. But how does one select the most pleasing combina-
tion of these variables?

The binocular depth sense of stereopsis is scaled or weighted by per-
spective. This is the guiding principle: If perspective is stressed, then the
stereopsis cue should be diminished as a compensation. The magnitude of
the stereopsis cue, in the form of screen parallax, is a function of D,, f,, and
t., for a screen of given size. The most important component in this context,
the one that produces the essential stereoscopic information, is provided by
the interaxial distance, t.

If perspective or other monocular cues are stressed, then stereopsis may
be relaxed. The perspective of the image is a function of the distance of the
object photographed from the camera, which in many cases will be the
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BINOCULAR ASYMMETRIES: PHOTOGRAPHIC VARIABLES 225

distance to the plane of convergence, and by f,, the focal length employed.
Obijects closer to the camera have stressed perspective, and objects farther
away have diminished perspective. Generally speaking, lenses of long foca
length tend to flatten or reduce perspective, while short focal lengths tend to
stress perspective.

Since these factors scale stereopsis, photography of clgse objects with
lenses of short focal length or wide-angle lenses often requires reduced in-
teraxial distance settings, less than the interocular t,, 65 mm. Photography
with longer lenses, or with lenses frequently described as telephoto, often
produces compression or dimunition of perspective when filming distant
objects, and this kind of photography may call for interaxial settings greater
than t,.

TOTI-ORTHOSTEREOGSCOPY

I would like to introduce a new orthoscopic or orthostereoscopic (the
two terms may be used interchangeably) concept that will help in thinking
about camera parameters as well as serve to review some useful concepts.

Various suggestions to ensure that the stereoscopic effigy is isomorphic
with the object photographed have been put forth by others. From my point
of view, these discussions have very little to do with practical stereophotog-
raphy. Nevertheless, they can provide some sort of a guideline for varying
camera controls to produce a pleasing image. The most complete concept of
orthoscopy, put forth by Spottiswoode et al. (1953), consists of meeting three
conditions: t. = t,, f, = M/V, and P, = t..

| propose one additional test, that object magnification m be equal to 1.
When unit magnification occurs, we have what | call the toti-orthoscopic
condition.

The relationship between object magnification m and frame magnifica-
tion M is

m — Mf. _ Vv
Do D,

This gives us the reasonable result that object magnification (for an object in
the plane of convergence) is equal to the ratio of the orthoscopically deter-
mined distance from the screen to the distance between the camera and the
plane of convergence.

According to the Spottiswoode criteria, m does not have to be equal to
1, and orthoscopy can be maintained for effigies of any object magnification
providing that V = Mf,. To achieve toti-orthostereoscopy, by my definition,
m must be equal to 1; therefore

D, =Mf, =V
In other words, the toti-orthoscopic condition is fulfilled when the distance

to the object is the same as the distance to its image, given additionally that
tC =te/Pm =te, andszfc.
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226 FOUNDATIONS OF THE STEREOSCOPIC CINEMA

It is always possible to fulfill the condition P,, = t,. By setting Dy = Dpe,
we can state the hyperconvergence relationship:

fete
Dhe - Ke
Since t, = t, and K, = t./M, we have
Dy = M.

Object magnification will be 1 and maximum parallax will be equal to
the interocular if the object is placed in the plane of hyperconvergence and
made to satisfy three conditions specified by Spottiswoode.

It may well be that the toti-orthoscopic condition is the only one in
which the interaxial should be set equal to the interocular. For all other
conditions, specifically those in which the object is closer to or farther from
the camera than specified by the toti-orthoscopic condition, we should ex-
pect departures from t, = t,. This does not mean that successful photography
cannot be carried out att, = t,, even if object magnification is greater or less
than 1, as it is for most motion picture projection. MacAdam (1954) pointed
out that once correct perspective is achieved, there may be considerable
variation in the interaxial setting.

Whatever its practical merit (which is limited), the toti-orthoscopic con-
dition comes closer to creating an isomorphic reproduction of the visual
field within the stereophotographic field than other kinds of orthoscopy. It is
as if we were looking through a rectangular aperture cut into a black materi-
al of endless extent. This aperture at the time of photography is the same size
and shape as the screen on which the film will be projected. But only the
spectator at the V =M, distance, which is equal to the distance from the
camera to the object, will be able to enjoy the full, although dubious, bene-
fits of toti-orthoscopy.

THE SHAPE OF THE STEREO FIELD

It is far more important to have a feeling for what is happening percep-
tually in a transmission system as stereophotographic parameters are varied
than to rely on mathematical relationships or to have to consult charts. The
following model may help the filmmaker get a feeling for what is happening.
Think of the stereo field as if it were defined by the frustrum of a four-sided
pyramid (that is, a pyramid with its top cut off parallel to its base plane).
These two parallel planes correspond to near and far planes, or the plane of
convergence and the far plane. The sides of the pyramid are defined by the
focal length of the lenses and the shape of the camera aperture.

When perspective is stressed, we can think of this pyramid defining the
stereo field as elongated, and all the effigies of objects in the field as similar-
ly elongated, so that they will continue filling the same proportion of the
volume of the stereo field. These effigies will be stretched both before and

Legend3D, Inc. Ex. 2009-0227
PRIME FOCUS V. LEGEND3D

IPR2016-01243



BINOCULAR ASYMMETRIES: PHOTOGRAPHIC VARIABLES 227

behind, along with all the intervening field (empty space) that does not con-
tain effigies.

This elongation will occur when either one or both of two perspective
conditions are fulfilled: The distance of the viewer from the screen is greater
than the ortho distance, and the distance from the camera to the object is
less than the toti-orthoscopic distance. The former condition refers to the
projection parameters and the latter to the photographic ones. Given a con-
stant interaxial, as the perspective characteristic of the shot is stressed in the
ways described above, the volume of space and the objects in it will be
stretched. As the perspective characteristic is reduced or relaxed, the pyra-
mid will pass from elongated through these phases: First it will be similar to
that defined by ortho conditions, and then it will become squat or com-
pressed in shape.

The Soviets define the perspective characteristicoi, and we give this
ratio in our notation as

S

s =V

SLV | DD, |PerspecTivE COMPRESSE

S=V D=D, |NOoRMAL @
S>V |D>D, |ReLaxep j

S5
S

teDte |ReLaxen

8.2. Shape of the stereo field.
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The Greek capital letter 7 (pi) stands for the perspective characteristic, S
for any distance from the screen, and V the orthodistance. The subscript S is
used to distinguish this condition from the next perspective condition, which
involves the concept of toti-orthoscopic distance, given by V = Dy, = D,,
which we may specify as D,. We write

-
D,
e is a characteristic of the projected field, and 7, of the field of photograph-
ic space.

The shape or stereoscopic characteristic ¥ (psi) of the stereo field is also
changed by the interaxial distance used in photography. As t, increases, the
field will be elongated, and as t, is reduced, the shape of the field and the
effigies in it will be compressed. If all the other parameters are ortho, then as
t. exceeds t, the effigies will be stretched or elongated (as stereopsis is in-
creased), and as t. is reduced below t, the effigies will be flattened. When
t. = t, (when ortho conditions are fulfilled), the visual field and the photo-
graphed field are congruent. When t. approaches 0, we arrive at the single-
lens or monocular condition in which the field has collapsed into a plane.
Fig. 8.2 summarizes these ideas. We can write

le
Y = L

Although we have given functional relationships for the stereoscopic
and perspective characteristics of the photographed field, it may be impos-
sible to use these relationships with any degree of precision. It is safe to say
that the effects of varying these parameters are additive (or subtractive), and
that when the perspective characteristics are relaxed, the proper choice of
interaxial, say, a reduced value, can result in an effigy that appears to be
pleasing to most observers. Or we might take the example of a shot with a
perspective characteristic that is compressed. In this case, increasing the
stereopsis cue by increasing the interaxial setting will help to produce a
pyramidal field in which the two opposing cues add up to a pleasant image.

In a sense, we are abandoning the principle of orthoscopy, although the
concept remains useful as a point of comparison. The pyramidal shape of
the stereoscopic photographic field is determined by two psychological
cues, perspective and stereopsis; manipulation of camera parameters can
change the shape of this pyramidal field. The cues of stereopsis and perspec-
tive can be made to work together to produce pleasing images, and one can
think of one cue stretching while the other compresses the field to produce a
more or less acceptable image.

For the sake of simplicity, | have omitted discussion of other monocular
cues, such as the very important cue of motion parallax. The filmmaker
should be aware that these also play a part in determining the shape of the
stereo field.
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COMPARISON WITH THE ORTHO CONDITION

One possible approach for cinematography is to determine the ortho
focal length, obtained by solving f. = V/M for a particular theater or screen-
ing room, or to arrive at a compromise value for f,, (the average ortho focal
length) if a number of theaters or screening rooms are involved. Photography
is then based on this decision. Once the average ortho focal length is deter-
mined, we call all lenses with focal lengths less than f., wide lenses and all
those with focal lengths greater than f,, long lenses.

| have provided a sketch of a typical screening installation. Figure 8.1
illustrates my studio setup, where the ortho focal length for the middle seat is
15 mm. As recommended when calculating the depth-range tables, | estab-
lished a near limit for seating at twice the screen width. The distance from
the stereo projector to the screen is about four times the screen width. Up to
ten persons can be comfortably seated in my small space. If we were to scale
up the space by a factor of 2, then the ortho seat would be at about 8 m
rather than 4, and the screen would be 2.6 m wide, but the ortho focal
length for photography would remain at 15 mm.

Shots taken with f,, from a distance of several meters can be successful-
ly executed at an interaxial of about 65 mm. If perspective is more or less
correct, the filmmaker will find that a rather wide variation in t,, depending
on the subject being photographed, is possible. The viewer’s response to
familiar objects may somewhat restrict the range of possible values for t..
The most important subjects to be considered are human beings, and people
must be more carefully photographed than anything else. But even for the
photography of people, it may be possible to vary t. by 25% if we are filming
a straight-on portrait, or even more for a profile shot.

According to my way of thinking, objects at or near the toti-orthoscopic
distance (which, for example, in the case of the super 8 setup given here
would be about 4 meters) can be filmed at t.. As the object approaches
closer than V = Dy,, t, may be reduced, but there is a very wide range of
acceptable distances more or less than V that can be photographed att, = t,.
In fact, the range of variation is probably more than = 50% of V.

For the moment, we will not consider extreme closeups but only close-
ups of the head, which, for the ortho focal length and the Edison aspect ratio,
are filmed approximately 1.5 to 1.7 m from the camera. In this case, pleasing
results may be obtained by reducing the value of t,. One can select values
from t, to less than half t,, depending on the proportions of the face filmed
and the intention of the filmmaker.

| have avoided giving more than general guidelines for photography
and offering precise recommendations that might be tabulated in the form of
a chart, as the Soviets have chosen to do. The filmmaker is much better off
understanding the basis for selection and control of the stereo effigy in terms
of perspective considerations. Moreover, wide departures from any such se-
lection are often permissible because of creative intent, or because such
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variations may be hard to detect. Depth-range considerations may also play
a part in the selection of t;, and to some extent this value may have to be
compromised on that account. However, many workers will find it useful to
have a rough guide to setting t. and | have provided one here.

I can only emphasize that pleasing results can be achieved despite the
fact that compromise is involved in every step of the process, from the selec-
tion of f., for various screening rooms to the selection of interaxials based on
viewing from distance V, which only one person can occupy.

Wide ““Normal” Telephoto

Extreme close-up L e L

N N N
Head shot e t 1.3t,

2
Head and

shoulders t, t, 1.8t,

Top half of body te t, 2t,
Full Figure 1.2t, 1.5¢, 2t,
Distant Nt Nt, Nte

8.3. Interaxial settings in terms of the interocular, t,. The wide lens is assumed to
be approximately 0.8 times the diagonal, the normal lens 1.2 times the diagonal,
and the telephoto about 2 times the diagonal of the format. This table is meant as
a rough guide.

USING LENSES OF SHORT FOCAL LENGTH

We will call lenses of less than the ortho focal length lenses of short
focal length, or briefly, short lenses. When f,, is equal to approximately
twice the diagonal of the format, lenses with focal length values between f,
and half £, will be short lenses. Lenses shorter than half f.,, or the diagonal
of such a format, we will call very wide-angle lenses. *

The diagonal of the super 8 frame is about 7mm, and | consider f,, = 15
mm to be the ortho focal length. Focal lengths from less than 15mm are short
lenses, and those under 7mm are very short lenses.

For a given object magnification, as focal length and distance to the
subject decrease, a shorter interaxial will produce pleasing results. Say we
are filming a person’s head and shoulders (what is usually called a medium

* See errata list
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shot) from about 1.7 to 2 m with the 15mm focal length, with an interaxial of
somewhat less than t,. An interaxial of approximately 50 mm can be em-
ployed for pleasing results. If we were to use a short lens of f, = 7mm, the
super 8 camera should be half the distance from the subject for the same
object magnification. The appropriate interaxial would then be about t./2.

The use of reduced interaxials has the enormous advantage of extend-
ing the depth range, which simplifies photography—especially important
when filming documentaries where unrehearsed shooting makes it difficult
to control blocking or the relationship between foreground and background.
Very short or wide-angle lenses, or those with focal lengths of less than half
feo, are useful in this context, since much of the time short focal lengths and
short interaxials go together, as we have seen above. Screen parallax is di-
rectly proportional to both. Low values for t. and f; lead to low values for P,
and increased depth range, making photography on the run simpler to do.

Experiments with focal lengths equal to approximately one half or one
third the diagonal of the format (when f,, is equal to the diagonal of the
frame) showed that for many shots with the subject about 2 m from the
camera, interaxials as low as 12.5 mm produce entirely satisfactory stereo-
scopic depth effects. These lenses have strongly exaggerated perspective ef-
fects, so one would expect low values for t, to suffice. As a rough rule of
thumb for lenses of short focal length, the value for t. is proportional to f,
with subjects filmed so that they maintain a constant object magnification.

USING LENSES OF LONG FOCAL LENGTH

In my stereoscopic work, | have come to think of my f,/2 focal length
as my primary optic. For most of my work in the super 8 format, this corre-
sponds to a value equal to the diagonal of the format, or about 7mm. This is
actually the shortest focal length available on the Nizo cameras used in this
study, and it provided me with the angle of view | needed for cramped
spaces and relatively close subjects. | prefer to be close to people | am film-
ing, since this stresses the intimate relationship between me and my sub-
jects. The short focal length also offers a great deal of depth range, which is
important when filming subjects likely to move any distance from the cam-
era in unpredictable ways.

For my work in the 35mm over-and-under format, | centinued this prac-
tice and got very pleasing results. For example, most of the photography in
the film Rottweiler was done with a 20mm lens with a 60mm interaxial. The
diagonal of the format is 23mm.

I have found that shorter lenses are more useful for stereoscopic cine-
matography than longer lenses, but this is based on the peculiarities of my
experience, and | know there will be filmmakers with other needs and other
points of view. However, it can be difficult to use lenses of long or very long
focal length, especially for photographing people, because of the reduction
of depth range. The difficulties are compounded by the need to increase the
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interaxial distances to compensate for the compressed perspective lenses of
long focal length display when filming distant subjects.

| define lenses of focal lengths greater than f,, to 2f,, to be long lenses,
and those with values greater than 2f., to be very long lenses.

Medium shots or closeups of people are often taken with lenses of long
focal lengths, about 1.5f,,. Many photographers feel that the slight flattening
of perspective, compared to what is obtained with the ortho focal length, is
more pleasing. The result will be a greater camera-to-subject distance,
which gives more working room, especially convenient when recording
sound.

There is much to be said for the use of moderately long lenses in theatri-
cal filmmaking on sets and sound stages. Although the slight increase in
interaxial necessary to expand the stereo field reduces depth range, this is
offset by the increased depth range that results from moving the camera
further away from the subject. This seems to have been the approach used
by the Gunzbergs in their Natural Vision system.

In addition to controlling the appearance of the stereo effigy through
perspective, we also have the ability to control the shape of the image by
variations in t.. Flattering portraits can be produced using more marked de-
partures from the traditional 1.5f,, by manipulating t,.

Photographing people’s faces head-on or three-quarters with focal
lengths between f,, and 2f., depending on the characteristics of the face,
with t. values of from 60 to 90 mm, will produce good results, as long as
factors such as lighting and the cinematographer’s intention are kept in
mind. Children and adults with small features can be filmed at t, = t,. For
people with more prominent features, the t, value can be reduced. There is
probably more variability in the choice of t, for profiles than for head-on
shots.

Filming faces from great distances with very long lenses is difficult. Us-
ing the “normal”’ interaxial of t, = t, will result in flattened or cardboardlike
effigies. Although MacAdam (1954) points out that in theory correction of
departures from ortho perspective is not possible through interaxial compen-
sation, in practice pleasing results are produced by extending t.. The result-
ing image’s shape is flattened by the perspective cue and expanded by the
stereopsis cue. Different viewers will respond to such an effigy in different
ways. In time, people may learn to resolve this conflict of depth cues and
judge the effigy with artistic license.

Aside from conflicting cues, we have the problem of limited depth
range for distant subjects when using very long lenses with increased values
for t.. If the subject is very close to the background, there is no problem. If
the subject is filmed against a featureless background of continuous tonality,
such as a blue sky, there will be no homologous background points to fuse
when viewing and no accompanying danger of excessive divergence.

Legend3D, Inc. Ex. 2009-0233
PRIME FOCUS V. LEGEND3D

IPR2016-01243



BINOCULAR ASYMMETRIES: PHOTOGRAPHIC VARIABLES 233

CLOSEUPS

The term closeup as used here does not refer to full head shots but
rather to the kind of photography that is often called macro work. Objects
that need to be scrutinized very closely, with the unaided eye or with a
magnifying glass, are the area of concern. There are a number of good books
and articles on the subject (for example, Close-Up Photography and Photo-
macrography, publication N-12 from Eastman Kodak Company), and | will
assume that the reader is versed in the subject.

Before discussing the topic from the point of view of stereoscopic ef-
fects, a few words can be said about the means for achieving these closeups.
Some lenses focus close to the subject and have long enough focal lengths
for adequate coverage. Some zoom lenses feature a macro range that allows
for very close focusing. And any lens may have its close-focusing capability
extended by using a closeup lens, sometimes called a diopter attachment.
For stereo work, it is very important that the diopter power of these lenses be
very closely matched, and their optical and geometric centers must coincide
to avoid recentration of the images, with consequent spurious parallax.

For cameras with interchangeable lenses, extension tubes or a bellows
close-focusing attachment may be placed between the camera body and the
lens. The mechanical integrity of this extension unit is very important, since
recentration of the image pairs will result from poor alignment.

We can classify our subjects, for the purposes of stereoscopy, into two
camps: those with limited depth range and those with greater depth range.
Consulting the depth-range tables will reveal that the combination of close-
working distances and lenses of long focal length, usually associated with
closeup work, leads to very limited depth range.

Objects with limited depth range include coins, bas-reliefs, textured
surfaces, and the surfaces of oil paintings or textiles. Generally speaking,
one will not have to consult a table when filming objects of such limited
depth range if they entirely fill the photographic field and are placed in the
plane of convergence.

But even the tables, as set forth here, may not cover all of the possibili-
ties that attract the filmmaker. Therefore it may be necessary to calculate
these values as described in the previous chapter.

| think that it is very important to realize that relying on an ortho view or
a theoretically correct view of such objects is of very little help. Projected
effigies are magnified to many times life size and viewed in a way in which
they are never seen in the visual world. What we are concerned with here is
producing the most pleasing effigy and exploring the potentials of such a
close view. If we wish to exaggerate the effect of a bas-relief or textile struc-
ture for didactic or esthetic purposes, comparatively larger interaxial separa-
tions can be used. Inanimate objects can be filmed by a single camera
moved through the desired t..

Legend3D, Inc. Ex. 2009-0234
PRIME FOCUS V. LEGEND3D

IPR2016-01243



234 FOUNDATIONS OF THE STEREOSCOPIC CINEMA

A good approach when filming new objects is to bracket interaxials and
learn by direct experience what produces the most pleasing effect on the
screen. One working technique | have used is to do one left take, totaling the
running time of the combined right views, and then, by moving the camera
in appropriate increments, film the various right views. To be more specific,
one can try the following interaxial separations: 10, 20, 30, 40, and 50mm.
Suppose each shot will last 20 seconds. First, film the left view for all five
interaxial separations, a total of 100 seconds. Then move the camera to the
appropriate right views, setting the values for t, and properly converging the
camera for each shot. When projected, the single left view and the series of
right views will provide the necessary series of bracketed interaxials. Note
that | have assumed asymmetrical convergence with the left camera lens
axis perpendicular to the base line. For each new t. position, the right cam-
era must be properly converged using Smee’s method.

Subjects with greater depth range, such as flowers, insects, and models
of various kinds, may cover the entire photographic field or only part of it.
Since this class of subjects is likely to include animate objects, such as small
animals or insects, and since natural movement through wind, etc., may
occur, a single repositioned camera technique may be useless.

The interesting question of how such an object can be represented
stereoscopically may be considered in very much the same way as the pho-
tography of objects with limited depth range. Who is to say what are the
proper proportions of a flower only a few millimeters or centimeters across,
once it is projected on a screen and measured in meters? An empirical ap-
proach is the best, and the particular combination of interaxial and focal
length that works can serve as the basis for future work.

The literature usually cautions against using interaxials equal to the in-
terocular because it is assumed that this will exaggerate stereoscopic effects
and that the limited depth range will make it difficult to record a background
plane only a short distance from our object. Sometimes this difficulty can be
overcome by using a textureless card of any desired color set at some conve-
nient distance from the object. If a solid-colored background is not desir-
able, reduced interaxials can be tried. If drastically reduced, these may give
a very limited stereoscopic effect. For example, solving the depth-range
equations for a subject 1 m from the camera, using a 40mm super 8 lens
with a 15 mm interaxial, gives for maximum distance to the far plane, Dy, =
3mand Dpg = 1.5 m.

Another alternative to the low depth range found in such circumstances
is relatively elaborate but is worth mentioning because some filmmakers
have access to such techniques. Traveling mattes to superimpose a back-
ground with a desired foreground could be tried in difficult cases. In addi-
tion, rear or front projected backgrounds may be found to be useful.

I have used values equal to t, for closeups of flowers and plants with a
56mm lens in the super 8 format with very good results. My camera has a
minimum t, = t,, and my photography was done at an interaxial of 66 mm.

Legend3D, Inc. Ex. 2009-0235
PRIME FOCUS V. LEGEND3D

IPR2016-01243



BINOCULAR ASYMMETRIES: PHOTOGRAPHIC VARIABLES 235

However, the literature advises using reduced values for t, on account of
stereoscopic distortion.

Animated puppets or clay animation seem to be ideal subjects to be
filmed stereoscopically. The interesting subject of cell animation has been
discussed by MclLaren (1951) and by the Walter Lantz organization in patent
#2,776,594. | suspect that for models that are supposed to substitute for full-
sized objects, one could reduce the interaxial in geometric proportion equal
to the scale of the model. A rule of thumb might be to choose an interaxial
approximately equal to the interocular of models of people that might be
included in the shot. This has not been an area of interest to me, so filmma-
kers will have to conduct their own tests in order to establish proper camera
parameters.

HYPERSTEREOSCOPY

So far we have discussed the usual kinds of photography of objects from
a few meters to tens of meters from the camera. We have seen that, in gen-
eral, interaxial settings of from about one third to twice the interocular can
be employed successfully. Now let us consider objects very far from the
camera.

Given the usual interaxial settings, there would be essentially little par-
allax information upon projection. Very distant objects photographed with
low values for t, (approximately equal to t,) will appear as if they have been
photographed with a planar camera (which, depending upon your purpose,
may be perfectly fine). If we want to impart stereopsis cues to the shot, we
will have to use an extended base. The results will be interpreted by different
observers in various ways, since large values for parallax are associated with
close objects and not distant ones.

It is my assumption that in time audiences will be less troubled by hy-
perstereoscopic effects and will accept them as a part of the language of the
stereocinema. As a matter of fact, it does not seem to be the audience that is
troubled by hyperstereoscopy, but rather the experts and writers. For most
people, hyperstereoscopic shots are fun to look at.

A number of rules of thumb can be found in the literature for predicting
useful values for t;. Judge (1950) gives two “proofs’ to illustrate the sound-
ness of the following:

LD
© 50

As an empirical rule this is not bad, for “normal’’ focal lengths, but there are
other experts who allege that better results will be obtained by using D/25,
for example. Elsewhere in the literature other relationships have also been
given. | prefer to use the concept of hyperconvergence distance to supply
the interaxial value that will give a full range from 0 to t, for parallax values.
We go about this in the following straightforward way. Recall the relation-
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ship for hyperconvergence distance for the nondivergent case:

fCtC
D, =
he Ke
Solving for t, yields
t. = DheKe
. =
fe

Now | will give an example of how to go about using this equation. As |
sit at my typewriter, 1 am looking out the window at San Francisco Bay and
the little island just south of the Richmond-San Rafael Bridge, called Red
Rock. South of Red Rock, | can see Mount Tamalpais and its peak, and just
to the north | can see San Quentin Prison. It is not a very inviting place, but
recently it has had a nice paint job. Red Rock | estimate to be about 3 km
from the top of my hill. I am using the super 8 format, with a value for K, of
0.2. First I will consider taking a shot with a relatively long lens, 40mm, and
then with the wider 10mm focal length. Solving the equation for the first
case, we get a value for t; of 15 m, and for the second case 60 m. The former
is equivalent to Judge’s relationship with a constant of 200 instead of 50, and
the latter actually works out to 50.

By placing Red Rock at the plane of convergence, or more properly the
plane of hyperconvergence, | have assured the largest possible depth range,
assuming that the far plane is at stereophotographic infinity. Larger-than-
recommended t. values would produce divergence for background homolo-
gous points, and | can find no reason for doing so in this case.

The filmmaker may wish, on the other hand, to reduce the interaxial
somewhat, perhaps to values half those indicated by the hyperconvergence
relationship. It is really a matter of taste, and when filming distant subjects
there will probably be an opportunity to bracket t, for several values, per-
haps t., t./2, t./3, and so on. Although | have assumed that the object is to be
placed in the plane of convergence, there is no reason why it cannot be
placed farther back into screen space if this seems to be esthetically valid.

With electronically controlled dual cameras, hyperstereoscopic motion
picture photography is relatively easy. All one needs is a long enough cable
between the cameras and a crystal control box. Then to align the cameras on
the distant target, use a spirit level and sight through the viewfinders them-
selves, using Smee’s method. If there is no motion in the distant object, and
if exposures can be accomplished in less time than it takes for the lighting
conditions to change, a single camera may be used to do hyperstereoscopy.

COMPOSITION

Usually, whatever composition works for planar photography will also
work for stereoscopic photography. There is also a class of compositions that
will work stereoscopically and not in the planar mode. Subjects that depend
almost entirely on the cue of interposition to provide their depth effect, such
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as bushes, which are a totally incomprehensible mass of shapes when
viewed planarly, spring into life when viewed stereoscopically. The experi-
enced planar photographer has learned to avoid compositions like this. One
must learn to see in new ways the visual world to learn something new
about the stereoscopic field.

One major exception to this is filming distant vistas. People are disap-
pointed that 3-D distant scenes appear to be flat, when the rest of the frame
is rich with stereoscopic depth. But people are not aware that this is also
what happens in the visual world. Given an average t, of 65mm, distant
vistas must have little or no retinal disparity (see page 107 for a discussion of
the limits of stereoscopic acuity).

Stereographers have added foreground subjects simply to set off the
background in depth, or used the techniques of hyperstereoscopy to en-
hance distant views.

These vistas do not need maximum screen parallax equal to the interoc-
ular for the fullest possible depth effect. Low values of P, on the order of
one half or one quarter of t,, can give perfectly adequate results while less-
ening A/C breakdown.

There are a number of compositional tricks that produce more pleasing
stereoscopic images and heighten the depth effect. Motion parallax, pro-
duced by the dollying (not panning) camera, can greatly heighten the depth
effect, and similarly for the photography of sculpture, heightened depth ap-
preciation occurs when the work of art is rotated. Wide-angle lenses, be-
cause they exaggerate perspective, can stress the stereoscopic field and pro-
duce increased depth effects.

Generally speaking, the kind of lighting that works for a planar film will
also work for a stereo film, but some cinematographers may wish to aug-
ment the effect dramatically.

Many texts claim that great depth of field in stereophotography is man-
datory. They warn that out-of-focus backgrounds have a terribly disruptive
effect. In my experience, whatever works for planar photography in this area
will also work stereoscopically.

For stereoscopic zooms, once thought to be impossible, the filmmaker
must have properly calibrated zoom lenses, with minimal recentration dur-
ing zooming, whose zoom rate has been synchronized. As we approach
either end of the zoom, the shortest and longest focal lengths, care must be
taken to avoid unpleasant effects. When zooming to the long focal length,
excessive screen parallaxes for background points should be avoided. In a
zoom-in, this may preclude a large depth range for the final composition. As
the lens zooms wider, avoid including objects in front of the plane of con-
vergence, especially if they enter the composition from the vertical portions
of the surround. This encourages conflict between interposition and stereop-
sis, and leads to the difficulties involving the paradoxical stereoscopic win-
dow effect, as we shall see in the next section, “The Image in Theater
Space.”
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The stereo zoom must be carefully planned: The cinematographer must
analyze the extreme focal length positions of the shot and satisfy the needs
of depth-range and stereoscopic compositional parameters. It is hard to
imagine that zooms will ever become as commonplace as they are in planar
films. However, many technical difficulties might be overcome if the inter-
axial and convergence controls were interlocked and synchronized with the
zoom control.

Coordinating zoom lenses and controlling recentration of optics is the
subject of a disclosure | have written and filed with the U.S. patent offices.

There is one further important point of departure between stereo and
planar composition, concerning images with negative screen parallax. This
subject will be considered next.

THE IMAGE IN THEATER SPACE

Images placed in theater space must not be cut off by the screen sur-
round, especially by its vertical edges. Effigies with negative screen parallax
values cut off by the vertical surround edges will produce a conflict of the
stereoscopic depth cue and the monocular cue of interposition. Stereopsis
will tell us that the image must be in front of the screen, but interposition will
indicate that the object must be behind the surround window.

Unless there is some very special purpose for them, such conflicts are to
be avoided, since they produce eyestrain and confusion in the great majority
of viewers. Often people will report that such objects appear to be blurry.
This effect becomes progressively worse as more of the subject is eclipsed by
the surround or as the value of screen parallax increases. One observation
frequently made by spectators is that the object that is in theater space but
cut off by the surround tends to be “pulled back” to the screen surface.

Objects in theater space cut off by the horizontal edges of the surround
are more easily tolerated. It is true that the interposition cue is still in conflict
with the stereoscopic cue, but one source of conflict is eliminated. When
looking out a window, say at the left edge of the window, one sees more of
the view with the right eye than the left. We have become used to this effect,
and any departure from it leads to a direct conflict with out visual experi-
ence. In the case of the stereoscopic effigy in theater space, but cut off by the
left edge of the surround, we actually see more of the object not with the
right eye but with the left eye. This is what | call the paradoxical stereowin-
dow effect, and it exacerbates an already difficult situation produced by the
conflict of interposition and stereopsis.

For the case of theater space effigies cut off by the horizontal portion of
the surround, the paradoxical stereowindow effect is removed, and certain
shots may be tolerable if properly executed. For example, it would not do to
allow the top of a person’s head to be cut off by the top surround edge,
whereas a torso may be shown cut off by the horizontal lower edge. A chan-
delier can be shown to be hanging from the top of the surround; but vertical
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bars, such as those used for animal cages or jail cells, look peculiar when cut
off by both top and bottom of the surround. Experience would be a strong
help in establishing personal guidelines for this kind of photography.

One method for bringing effigies of objects into theater space is simply
to avoid the surround. A typical example is that of a man placed more or less
in the plane of the screen, say a medium shot from the waist up. He points
toward the camera, and his hand moves out into theater space without
touching the surround.

Practically speaking it is often very difficult to avoid the paradoxical
window effect. If images of objects with even large values of negative paral-
lax move into and out of the frame rapidly, they may not produce any dis-
agreeable effect. If images of objects, such as people, are intersected by the
vertical surround, they are more easily tolerated if they are dark in color, or
cast in shadow.

PRACTICAL PROBLEMS

Herein are a number of specific photographic situations that are worth
considering. Most of these situations can probably be handled in a number
of different ways. The specific nature of this and the following examples will
help the reader begin to think about the unique problems of stereoscopic
cinematography. The solutions | offer are only a limited selection of possibil-
ities. The reader may have better approaches than these set forth here. This
section is offered to help you practice using the tables by considering prob-
fems. No craft can be mastered without practice!

EXAMPLE 1

Suppose we are using the 35mm format and want to take a closeup of a
face with the background at a very great distance.

Assuming that our ortho lens for the scope format is f.,, = 35mm, we
probably want to use, say, a 50mm lens. With this lens we would get a
closeup at about 1.5 m, even though exact framing of the shot in the field
could change this distance. We will use a somewhat reduced t., 45mm,
which will give a more or less natural effect with the somewhat stressed
perspective of the face. Consulting the depth-range table, we find that D,
(far plane without divergence) is only 1.7 m and that Dy (far plane with
divergence) is 1.99 m for t = 45mm. Clearly, we cannot take this shot
unless the background is a textureless surface, such as a blue sky, or unless
the background were very dark, very much out of focus, or very overex-
posed.

One alternative is to frame the face so closely that little or no back-
ground shows. Divergent image points in excess of our 1° limit might be
acceptable if a very small part of the stereo field is made up of such points.
We can see that D, (the hyperconvergence distance) for nondivergent and
divergent points is 12.5 m and 6.08 m respectively, so there is no hope of
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getting the closeup by moving the camera away from the subject.

We have assumed that our subject is at the plane of convergence, D,,.
What if we were to converge behind the subject, placing it at the near plane,
D,, halfway. out to the audience? Let us look up a value for D, that comes
closest to 1.5 m. The table lists 1.52 m in the column for t, = 45 mm, D, =
2 m. Still, the D4 plane is only 5.84 m.

Another possibility is to move the camera back and simply accept a
medium shot, but even this will be hard to achieve with the far plane at
infinity. (It can be achieved by using the 25mm-focal-length lens.) The prob-
lem of the closeup and very distant far plane is very much easier to handle in
the smaller formats, where audiences are seated further from the Edison as-
pect ratio screen.

If we simply reduced t., we would get a flattening of the subject’s face,
but what if we reduced both f, and t,? If we keep 1.5 m for D, and select a
25mm lens, the subject now occupies half the area. We would no longer
have a closeup, but 35mm is often projected on screens 10 m wide, and that
is still a lot of head for the audience to look at. To correct for the expansion
of the stereo field that would result from perspective considerations, we
ought to choose a reduced value for t,, and 25mm would be a good choice.
This would give us a Dy, of 13.39 m, but if we were to set D, at 1.69 m, the
hyperconvergent divergent distance, or Dyq, | think we would have an ac-
ceptable solution.

Other alternatives occur to me: For theatrical filmmaking, a painted
background or a rear or front projected background is not out of the ques-
tion; neither is a traveling matte background. Obviously, though, these may
not be preferred solutions.

The reader may have begun to realize why | have tabulated values for
both D,,. and Dp,4. If one can avoid divergence in background points, all to
the good. But if the shot cannot be achieved any other way, some diver-
gence can be accepted. By having values for both D,,. and D,,4 in the tables,
it is possible to estimate intermediate divergence values that, depending on
composition and background, are tolerable.

| suggest that the reader investigate the use of lenses of longer focal
lengths with slightly increased interaxial settings. You may be surprised to
discover that the case given here, a closeup calling for a great deal of depth
range, may be more easily solved by pulling the camera back and using a
longer lens while maintaining object magnification.

Another strong possibility is to play the face out into theater space.
Converging just a foot or two behind the head will greatly reduce back-
ground divergence.

EXAMPLE 2

Consider the following situation: We are filming a closeup of a man
holding something in his hand, turned three-quarters to a 16mm camera.
The man is 2 m from the camera, the cbject 1.5 m. The shot will open on his
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face, and then we want to pan to the object.

For the subject’s head and the object, nicely framed with the 50mm
focal length, we can try an interaxial of 65mm. If we place the man’s face at
D,, we will get values of Dpe at 2.28 m and D,,q at 2.81. This allows little
depth range for both nondivergent and divergent far planes, but since the
closeup is so tight, very little of the background can be seen—only the ex-
treme upper left and right corners of the shot. We do not have to worry about
excessive divergence of homologous background points.

Now let us consider what happens as we pan to the object. Since D, is
1.78 m, the object will be placed some 0.28 m past the near plane at the
conclusion of the pan.

Although we established a near plane halfway between spectator and
screen, it might be acceptable to have even greater negative parallax for a
shot on the screen for only a short time. | would feel better about panning to
the object if the subject moved it closer to the body so that it would not be
1.78 m from the camera. When panning to and finally framing the object, try
to compose so that the image, which will be in theater space, avoids touch-
ing the vertical portion of the screen surround.

Another possibility might be to halve our distance to the subject and
halve our focal length, for the same object magnification of the subject.
Then D, = 1 m, with f, = 25mm and t, = 45 mm. The table tells us that D,
= 1.22m, Dpg = 1.72 m, and D = 0.85 m. Although f, = 25 mm is the
ortho focal length for this format, 45 mm was selected for the interaxial,
since perspective will be stressed in this closeup with the subject close to the
camera. Further reduction of t, might also be fruitful, but moving closer to
the subject and reducing the value of f;, to maintain M, is not the answer,
because depth range will be reduced.

There are other ways: Let us return to the original camera setting using
the 50mm lens and a 65mm interaxial. Suppose we converged on the object
at 1.5 m. Would we then have adequate depth range for the starting closeup
of the face? Barely, since Dyq is 1.92 m. If we wanted to try this approach,
we might be better off reducing the distance between the object and the face
and also placing the plane of convergence midway between the two. Now
the subject’s face would be set back a bit into screen space, and the object
would come forward of the plane of the screen.

Yet another interesting approach would be to follow convergence, in
other words, to change the convergence setting during the shot. This must be
performed slowly and unobtrusively. If not, the effect may be disturbing. The
camera is set so that the subject’s face is in the plane of convergence, and
during the pan, an assistant reconverges the camera so that the object comes
into the plane of convergence. The pan would make the changes in conver-
gence unobtrusive.

The reader might question the validity of such an approach, since an
audience expects the object to be closer than the subject’s face. Having
essentially zero screen parallax may throw off their estimate of distance. Yet
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objects we are looking at in the visual world always have zero retinal dispar-
ity when we fuse them, and we have no difficulty gauging relative distance.

EXAMPLE 3

Let us suppose we are filming a closeup in the 1T6mm format at a dis-
tance Dy, = 1.25m, with f, = 25mm and t, = 45mm. A D, of 1.25 m is not
listed, but entries of 1 and 1.5 m are. We want to know the values of D,,,
D,.g, and D, for our camera variables.

We could accept the entries under 1.5 m as if they had a built-in safety
factor. This might be an appropriate way to work for values of D, and Dp,q,
but it will result in a value for D, that is too generous. For this reason, we
may use the lower value for D, listed in the column for 1 m.

The best possible alternatives could be obtained with a calculator, and
we would learn that D, = 1.61, Dppg = 2.62, and D, = 1.02 (all in meters).

The next best alternative is to interpolate values from the table. Average
the entries for the 1 and 1.5 m columns and obtain Dy = 1.64, Dpg = 2.87,
and D, = 1.02 (all in meters). These values are close enough to be useful.

EXAMPLE 4

This is the reason for having values for both D,,, and Dpq in the depth-
range tables: By selecting far planes at appropriate distances, we can in-
clude or avoid divergence from our shot. In effect, we can select values from
no divergence to a total of one dagree divergence.

Suppose we are working in the 16mm format and taking a medium shot
of a man with a large painting in the background. The man is talking about
the painting, but he is the object of central concern. Attention can be
brought to the man rather than the painting in a variety of ways. For exam-
ple, the painting can be dark, or out of focus.

The parameters of the shot are D, = 2.5 m, f, = 25mm, t, = 65mm. The
man is placed in the plane of convergence at 2.5 m. The painting is 8 m from
the camera. Consulting the table, we learn that Dy = 3.61 mand Dy =
9.03. Since the far plane, or distance to the painting, is a little less than Dpg,
we will have a little less than 1° divergence.

When the man is the center of attention, it is acceptable to have the
effigy of the painting with almost 1° divergence. But if the painting becomes
the center of interest of the shot, it would be better to reduce the divergence
further or to eliminate it.

There are several techniques for having both the man and the painting
reproduced without divergence. We can reduce the interaxial distance be-
tween lenses, reduce the focal length, reduce the distance between the ob-
ject in the plane of convergence and the far plane, or increase the distance
to D,.

If we were to reduce the interaxial t, to 45 mm, then D,,. = 4.5 m and
Dpa = . | think we would still have acceptable depth reproduction of the
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man, and certainly the flat surface of the painting would be adequately re-
produced. What we have done is to reduce, but not eliminate, the diver-
gence.

By consulting the table and varying the camera variables, we can prob-
ably find some acceptable compromise. For example, if we were to move
the man a little further from the camera, say to 3 m, then for t, = 45mm we
would have D, = 6.43 m, and the image points of the effigy of the painting
at the far plane would have very little divergence.

If it made sense in terms of composition, we could place the man at D,
= 3.5 m, retaining our original t. = 65mm. Then we see that D,,, = 6.15 m.
If the painting were left at 8 m, we would have little divergence, but if none
were desired, it could be brought closer to the camera.

For example, as we double the value of f,, we must also double the
distance to D, in order to maintain the man’s image size or magnification.
Given constant object magnification as we change f,, the far plane will re-
treat in direct proportion to f..

Thus we could increase the distance to the far plane of the shot by
maintaining the size of the effigy of the man in front of the painting. But as
we use longer focal lengths, we will wind up showing less of the painting,
and this may not be a satisfactory solution.

Probably the simplest solution that will give good results is to converge
behind the man, placing him out into theater space with a negative parallax
not greater than t.. This would eliminate background divergence, and give a
pleasing effect of both the man and the painting.

35MM STEREOGRAPHY

Most of the work this book is based on was performed with interlocking
super 8 cameras and projectors. This good-quality but low-cost medium
allowed me to do many experiments. For the better part of six years, | have
investigated motion picture stereography with this format, but in the last year
| have worked in the 35mm medium, which is suited to the needs of the
theatrical film industry.

My company, Deep & Solid Inc. formed an alliance with Stereovision
International Inc. to service the film industry under the Future Dimensions
trade name. Stereovision provided the hardware, and Deep & Solid the ste-
reophotographic expertise. The camera optics, designed by Chris Condon,
image two scope (2.35:1) aspect ratio images above-and-below each other
on a single piece of 35mm film, as shown in Figs. A-5 and A-6. The lenses,
known as System D-35, fit BNCR mount reflex cameras, converting them
into 35 mm stereoscopic cameras. Lenses with focal lengths from 20mm to
63mm have been constructed with various interaxial separations. The pro-
jection optics are of the design shown in Fig. A-10.

The system has good binocular symmetrical characteristics and well-
corrected images. Convergence is accomplished by lateral shifts of rear lens

Legend3D, Inc. Ex. 2009-0244
PRIME FOCUS V. LEGEND3D

IPR2016-01243



244 FOUNDATIONS OF THE STEREOSCOPIC CINEMA

sections, and may be set by scale or the target method. Following or pulling
convergence is easily accomplished by rotating the convergence control
knob. Although the optics are of a proprietary nature, and cannot be de-
scribed in detail, they are in certain respects similar to Bernier’s non-reflex
Spacevision design shown in Fig. 1.27.

After working on the Future Dimensions demonstration reel, a promo-
tional film for the Oldsmobile Division of General Motors, and the feature
film Rottweiler, | have come to modify the recommendations given in this
chapter.

| believe that of the many schemes for placement of stereopairs of im-
ages on a single piece of Edison format film, as described on page 260, the
over-and-under system is the most practical, has the most advantages, and
will probably become the industry standard. The format makes efficient use
of the existing frame area, optics can be designed to produce well-corrected
images, and the resultant images have a pleasing aspect ratio.

The changes from the recommendations set down heretofore are rela-
tively minor. The major departure is based on the need to extend the depth
range in certain shots, especially those involving closeups and medium
shots, and to make subjects appear to be closer to people in the audience.

Elsewhere | have advised not to have images of objects with negative
parallax playing out into the audience if these images touch the screen sur-
round. | have also stated that images with essentially zero parallax will ap-
pear at the plane of the screen. My observations of large screen 35mm pro-
jection in the scope aspect ratio have caused me to modify my position.

My first observation was that images with zero parallax appeared to be
behind the screen surround, rather than at the plane of the screen. | began to
converge behind, rather than at the subject. For example, rather than con-
verging on a person’s eyes, | converged a foot or more behind the eyes. This
produced, in many instances, images with low negative values of screen
parallax. These images now appeared to be, more or less, in the plane of the
screen.

| also came to modify my opinion about what constitutes low values of
screen parallax. Although minus 65mm may be a large value of parallax for
small screen photography, for large screen photography and projection it is
rather moderate. | came to use the depth-range tables 'D, entry as a near
limit. This allowed me to converge behind the subject, in many cases greatly
extending the depth-range to distant points, thereby avoiding excessive di-
vergent values.

There is no perceptual difficulty with regard to viewing images, typi-
cally of people, cut off by the horizontal portion of the surround. For low
values of parallax, say under minus 65mm, the vertical edges aren’t terribly
troublesome when they come in contact with image if care is exercised.
Placing the object in a shadow, or dressing an actor in clothes of dark colors,
will help blend the image into the vertical edge of the surround. The gaffer
can help by flagging light so the object will be darker.

* See erreég i
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Divergent homologous points can prove to be troublesome when
shooting closeups that have a distant background. One thing to bear in mind
is that the depth-range tables are very strict, having been calculated for peo-
ple sitting very close to the screen. In certain circumstances, the advice of
the tables can be overruled. This is especially true for backgrounds that are a
stop or two less (half or a quarter less light) than the foreground.

Such a situation often occurs with indoor photography. A dark back-
ground can tolerate more divergence than a light one. Thus the stereog-
rapher can take advantage of exposure differences to enhance his or her
ability to extend depth range, making it more comfortable to view photogra-
phy. Foreground objects occluded by the vertical surround edge, or back-
grounds with excessive divergence for homologous points, can be helped by
reducing the amount of light falling on these objects.

Closeups, especially those outdoors with distant backgrounds, can
prove to be troublesome. If one were to converge on the subject, tremen-
dous parallax values for background points will usually occur. Two tech-
niques can be used. The camera can be pulled back a foot or two, and the
convergence can be set a foot or two behind the subject.

In the example given above, for the image of the person with negative
parallax, the person will not appear to be in theater space as one might
expect. Such an image will usually appear to be at the plane of the screen. It
is very important to remember that stereopsis is scaled to perspective, and
that for strong theater space effects, more than large values of screen paral-
lax is required. Only objects thrust forward or emerging from the screen with
strong foreshortening or other perspective cues will appear to be far out into
the audience.

Although it is the major job of the stereographer to make sure that im-
ages are pleasant, there is a great deal of pressure to place images as far out
as possible into the audience. An unmodulated frenzy of negative screen
parallax will prove to be counterproductive, making the few shots that
would profit from theater space parallax seem far less effective. Shots that
attempt to place objects out into the audience, as dramatically as possible,
need to be treated as special effects, and extra time and care are necessary in
order to bring them off.

As a rough rule of thumb, strong effects are possible with objects as
close as a third to half way to the film plane from the place of convergence.
This applies to the great majority of shots in which actors are placed from ten
to three feet from the camera, and are called upon to thrust rifles, bloody
limbs, arrows, or themselves, into the theater. It must also be understood that
lenses with focal lengths from about 20 to 32mm are being used with inter-
axial separations within 30% of the interocular distance.

Such shots, as | have pointed out, need to be treated as if they are
special effects, and it may be necessary to bracket the convergence setting in
order to achieve the best effect. Moreover, the editor can select the best of
the shots with various convergence settings.

Legend3D, Inc. Ex. 2009-0246
PRIME FOCUS V. LEGEND3D

IPR2016-01243



246 FOUNDATIONS OF THE STEREOSCOPIC CINEMA

In passing | should point out that a great many shots will profit from
following convergence. This is especially true for camera moves toward or
away from the subject, wherein the subject is held at approximately the
plane of convergence. Such shots are esthetically pleasing, and help to pro-
vide needed depth range.

There should be virtually no slowdown of setup time using a modern
single band stereoscopic system with an experienced stereographer at the
helm. With the exception of certain shots to be treated as special effects,
bracketing of convergence is not necessary, and the production can usually
proceed at the usual pace. The stereographer must stay in continual contact
with the camera crew, and follow the intention of the director as closely as
possible. The stereographer is a facilitator, and social skills are, in the long
run, as important as the art of stereography. Although it is usually assumed
that the stereoscopic cinema must be sold to the public, 1 submit that public
acceptance is guaranteed once a quality system is offered. The technical
crews must enjoy working in 3-D. If they don't, the art is doomed.

The major problem of quality control extends from production to exhi-
bition. The stereographer given a proper system with which to work, can
guarantee a visually pleasing three-dimensional motion picture. Obtaining
the cooperation of the superb technicians working in the film industry makes
the task a relatively straightforward one. The major obstacle to quality is the
exhibitor. There are approximately twenty thousand theaters in the United
States, and it is in their projection booths that the battle for the establishment
of the three-dimensional cinema will be won or lost.
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Afterword

I have set out to explain how the system of stereoscopic filmmaking, using
polarized light for image selection, may be improved so that it could be-
come a viable means of creative expression. | realize that the need for spec-
tacles that must be worn by audience members is an inherent limitation.
Nevertheless, | have sought to show that these devices in and of themselves
are not the stumbling block, but rather that there are certain symmetrical
principles that need to be carefully considered in any system that transmits
stereoscopic images.

In addition, if the system of photography | have developed, which in
essence limits depth range and considers the relationship between perspec-
tive and stereopsis, is used by an experienced practitioner, then pleasingly
undistorted images will be produced. This technology can be successfully
applied to a wide range of subjects.

But technical limitations are only part of the problem. There are also
psychological barriers, which are of equal importance for the future accept-
ance of the art.

At present, the stereoscopic cinema (outside the U.S.S.R.) is in wretched
condition. Stereoscopic films are produced only occasionally, and most of
those that are made degrade the form. Many consider the stereoscopic cin-
ema to have a bad reputation. The 3-D cinema is a has-been. Unlike sound,
color, and wide screen—refinements that were successively perfected and
added—the binocular cinema has not achieved a lasting place in motion
picture technology. Critics may say that it was given a chance, in the 1950s,
and that it failed, whether for technical reasons or on esthetic grounds. Yet
critics of the medium, those completely hostile to it, do it less of a disservice
than some of its friends.

Many stereoscopic workers have reached a point where their eye mus-
cles have become very supple, or they have lost the last vestige of objectivi-
ty. The films or photographs projected by these enthusiasts are unwatchable
by ordinary human beings.

The critics from without will probably greet the arrival of this book with
indifference. Their point of view, and it is entirely correct, is that the proof is
in the pudding. If good stereoscopic films can be made, they want to see
them. Present workers, entrenched in their arcane techniques—the devoted
few who have kept the flame lit these dark years—may regard this book as
the work of an upstart. They are correct in this, but where | have departed
from accepted practice, | did so because the existing traditions do not bring
the desired result.
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Appendices

APPENDIX 1: THE EXPERIMENTAL SYSTEM

My experimental work began with the observation that much of the
apparatus to make stereoscopic films and to study stereoscopic motion pic-
ture transmission already existed in the form of easily adaptable super 8
double-system image-sound synchronization equipment. Super 8 cameras,
because of their small size, have the added advantage of allowing place-
ment close enough together to obtain reasonably low values for interaxial
separation without requiring added-on mirror optics.

The cameras | employed were a pair of Nizo 561 super 8 machines,
mounted first on a wooden, then steel, and then aluminum base, maintain-
ing an average interaxial distance of 66 mm. Finally, I mounted the cameras
on a special rack-and-pinion base made for me by Edmund Scientific Co.
(Figure A.1). The rangefinder circles served as alignment devices for the tar-
get method, or Smee’s method, of setting convergence (see page 123). An
exceedingly accurate technique was evolved to align the lens axes to the
horizontal plane, and precision shimming with set screws was used between
the cameras and the base. Two quartz-crystal control units manufactured by
Super8 Sound of Cambridge, Mass., were modified to run the cameras not
only in synchronization, but also with their shutters in phase. Documenta-
tion for the conversion was supplied by Jon Rosenfeld, Director of Research
at Super8 Sound, and the actual work was carried out by Bob White of Inner
Space Systems. To my knowledge, this is the first application of electronic
control for a dual stereoscopic motion picture camera.

Stereopairs of motionless subjects were made using a Beaulieu 4008
camera (which accepts “C"” mount lenses) mounted on a rack-and-pinion
base, so that a variety of focal lengths and interaxial settings were achieved
that would not have been obtainable with the Nizo cameras.

Super8 Sound mechanically interlocked dual projectors were em-
ployed first with a pair of Eumig 807’s and then with the much brighter 824
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A.1. Experimental 3-D camera.

models. | modified the dual projector interlock so that it would function as a
stereoscopic apparatus. Tests showed that synchronization was achieved
and that the shutter phase could be maintained to within 10° out of the 360°
of the intermittent cycle.

Projection was carried out on an Ektalite screen 1.3 m wide joined from
stock Kodak units by TIW of Rochester. The high gain of this aluminum-
surfaced screen makes up for the light lost by the sheet polarizers and also
conserves polarization. Projector sheet polarizers were usually Polaroid
HN35 filters, and glasses employing these filters or glasses manufactured by
Marks Polarized were used. (More modern screens made by Schudel of San
Diego and Biener of Long Island are easier to clean and have a sturdier
surface.)

I do not think it would be useful to discuss in detail how to build or use
this particular system. In the first place, this dual system is discussed in
simplified terms in Lipton on Filmmaking (1979). In the second place, there
are many possible choices of camera and projector, in the super 8 and other
motion picture formats. However, a few remarks about designing and
properly calibrating such a system would serve some purpose, since there is
very little stereoscopic motion picture equipment available and many film-
makers will have to turn to this approach. This will be discussed next, in
Appendix 2.
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A.2. Dual camera designs. (a) Side-by-side (similar to camera in Fig. A.1), (b) lens
axes aligned, shooting into 45° mirrors (Natural Vision camera), (c) camera lens
axes at right angles shooting into semisilvered mirror (Ramsdell design).
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APPENDIX 2: CALIBRATING A DUAL SYSTEM

Because of their small size, super 8 cameras may be mounted fairly
close together. Thus | chose to use what is probably the simplest design for a
dual-rig camera. Both machines were mounted on a base facing forward.
But there are other possible schemes, which have their own advantages and
disadvantages. First, let us determine the minimum interaxial of any camera
combination. Simply measure the width of one camera and add a few milli-
meters for working room, or to allow for camera rotation for convergence.
That is the approximate minimum interaxial distance if the cameras are to be
aligned on a simple base, both facing forward.

However, many larger cameras cannot be conveniently mounted for
close interaxial spacing, or the user may desire to reduce the interaxial dis-
tance further, since very low values, say one half or one third of t,, can be
very helpful for wide-angle or closeup photography or for increasing the
depth range of a shot. Therefore other schemes have been tried, and some of
them are shown in the drawings. Some involve the use of total or
semireflecting mirrors, and these introduce certain photographic complica-
tions. Exposure compensation and color correction may be necessary in or-
der for the two images to match, since light reflected from the mirror will
lose about 12% of its intensity, and some spectral portion of the light may be
absorbed depending on the characteristics of the metallic reflecting surface.

There can also be the following limitation when shooting into a mirror:
Wide-angle lenses may be impossible to use, since they tend to see them-
selves, or portions of their mounts, reflected in the mirror. In addition, there
may be difficulties with properly aligning mirrors, and some provision needs
to be made for convergence control.

Inherent in any dual rig are two areas of concern: film and shutter syn-
chronization and optical calibration. So far | have discussed optics, and such
calibration is in fact the more difficult of the two. The art of synchronizing
cameras by electronic means is well known, and there are relatively straight-
forward and inexpensive means for ensuring both synchronization of run-
ning speed and an in-phase condition of shutters. There are a number of
specialists who can help with this, either by adapting off-the-shelf compo-
nents or by designing original control systems. Let us continue to focus our
attention on the more vexing of the two areas and give some general recom-
mendations about optical alignment.

In the course of this study, it occurred to me that there were three useful
methods for optically calibrating a dual rig stereoscopic camera: (1) with
photographic tests, (2) by sighting through the camera lens and aperture with
an optical instrument, and (3) by turning the camera into a projector. | used
the first two methods, but it occurs to me that the third approach would be
the simplest and quickest, and possibly the most accurate. However, pro-
jecting through the camera lens does involve more initial effort than meth-
ods 1 and 2.
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For method 1, charts or targets are photographed and are projected with
calibrated projectors. (I will discuss the method of calibrating projectors
shortly.) In this way, by superimposing the left and right images, compari-
sons may be made of focal length and focusing accuracy, and so on.

For method 2, | was able to sight directly through the aperture of my
rear-loading Nizo cameras, using a magnifying glass. The geometry of many
cameras will preclude such a direct line-of-sight approach, in which case it
may be necessary to use a mirror or to opt for one of the other approaches.

A circular target was observed this way, and left and right images were
compared.

For method 3, properly collimated light would have to be introduced
into the camera’s optical path, in effect turning it into a projector. The source
of illumination can be relatively low in intensity, simplifying cooling prob-
lems, since highly reflective screen material may be used, and a relatively
small image may be projected. A graticule will have to be introduced in
front of the film aperture. A frame of the SMPTE registration leader for the
appropriate format would serve, or special graticules can be obtained from
Century Precision Optics in North Hollywood.

By projecting both images, one on top of the other, instant comparison
can be made of focal length, horizontal axes alignment, and focus. Recen-
tration of optics due to shifts in focal length, if zoom lenses are used, can
also be observed. For both this and method 1, red and green filters may be
used over the lenses so that additive color differences may be used to make
it easier to observe results.

The following important optical properties can be evaluated using the
enumerated techniques: horizontal alignment of left- and right-lens axes,
focus, recentration of axes due to focus, matching focal lengths, recentration
of optics for lenses of different focal lengths, or for different focal lengths for
prime lenses, and aperture calibration (using a spot meter).

Setting up a dual-camera rig to perform adequately is a relatively tedi-
ous task. All the photography | have seen taken with such rigs has exhibited,
to some extent, some miscalibration in one or more of these areas. Because
the equipment can get out of alignment very easily, calibration procedures
which can be used in the field ought to be developed. The only possible
salvation of the resulting errors may be costly and image-deteriorating opti-
cal printing.

With the notable exception of aperture calibration, all of these matched
quantities become all the more sericus when employing lenses of long rath-
er than short focal length, since image magnification is greater in these
cases. Lack of proper calibration of horizontal placement of lens axes will
result in images that may be shifted upward or downward with respect to
each other, resulting in spurious vertical parallax. Switching to another set of
optics may consequently result in a corresponding relative repositioning of
the images, which can be corrected either by optical printing or by the dili-
gent efforts of a maniacally dedicated projectionist.
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When focusing, certain lens mounts, more than others, can cause re-
centration of optics and the relative or comparative recentration of pairs of
optics and produce severe spurious parallax. It is possible to go on catalog-
ing such pitfalls and recommending remedies, perhaps even until the result-
ing advice exceeded the length of this book. Quite obviously there is a lot to
be said for single-band cameras that have been factory precalibrated.

APPENDIX 3: SETTING CONVERGENCE

Before | had learned of the target or Smee’s method for setting conver-
gence, | attempted to set these angles by scale. Costly precision devices for
setting small angles are available to the optical industry, but it was my desire
to avoid both their expense and their bulk. | found a useful tool, a variable
carpenter’s angle, the Squangle (Mayes Brothers Tool Manufacturing Co.,
Johnson City, Tennessee). The Squangle was not meant for setting the small
angles needed, from about 0.2° to 4° with an accuracy of about 0.1°. | found
that | could set the approximate angle of the optical axes of the lenses by
using the Squangle against the bottom edge of the camera and the base. The
method was not terribly accurate, and | soon abandoned it.

I did learn one trick, though, for using this technique to greater advan-
tage. | fixed one camera’s axis at right angles to the base line between the
two cameras, and by setting an angle that was about twice as large for one
camera only, | was able to increase my accuracy. Later, when | employed
the exceedingly accurate target method, 1 still left one of the cameras fixed at
right angles to the base line and rotated only the other. | found that this
speeded up the process of setting convergence and led to no noticeable
increase in distortion produced by this asymmetrical convergence setting.
But this had been predicted by Levonian’s analysis (1953).

APPENDIX 4: PROJECTION

The dual stereoprojector must be calibrated for both synchronization
and optics. First | will address, in general terms, the problem of synchroniz-
ing the two projectors.

There are two approaches, using electrical or electronic means and me-
chanical systems. Electronic or electrical synchronization of projectors is a
well-established art. Various techniques exist. In many 16mm post-produc-
tion centers, projectors are synchronized to each other or to magnetic film
recorders electrically by using synchronous motors. This works better if both
motors are driven by a common distributor or the same source of AC. An-
other, more recent method is to “‘slave’”’ one projector to another. Such a
system does not require projectors with AC synchronous motors. A synchro-
nizing pulse generated by one projector is observed by a second projector,
and this machine slaves itself to the master machine. The most common
theatrical method is to use selsyns, tooth-belted to each projector motor.
Separately energized, the selsyns keep the 1725 RPM motors in precise step.
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A.3. Interlocked 3-D projector.

For my work | used a simple mechanical interlock. Its important advan-
tage, compared with electrical or electronic means, is that it is easy to stop
and run in reverse without losing synchronization. It is also very easy to set
and maintain shutter phase.

Projectors with inching knobs are natural candidates for interlock con-
version. The inching knobs are replaced with suitable timing gears, and an
appropriate timing belt is run between the two. It is especially convenient to
have some simple means for declutching the belt and gears, since this facili-
tates threading the projectors and finding start marks.

In the arrangement shown in the photograph, | ran the timing belt
around an idler wheel, which could be moved laterally to tension the belt
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properly. In this way, | could compensate for movements of one projector
that were necessary for achieving the crossed-lens-axes mode.

By looking directly into the projection lens, | was able to establish the
proper phase relationship between the shutters. This is especially easy to do
with the Eumig projectors used, since a low voltage is supplied to the lamps’
elements in the standby mode. It is possible to set the shutter blades so that
they are in phase, at least for this setup, to within about 10° out of the 360° of
the intermittent cycle. Once set, with the timing belt properly tensioned, the
phase relationship will never be lost.

Proper belt tensioning is a matter of experience. If the belt is too loose, it
will slip. It it is too tight, the projectors will vibrate and the image will be-
come unsteady.

In the rig | used, one projector was located above the other, to make it
convenient to reach the controls of both. Geometrical symmetry may be less
favorable for this case than for machines placed side by side. Projection tests
using a SMPTE leader (Figure A.4) revealed that the asymmetries did not
result in troublesome distortion.
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The projectors must be aligned to the CLA mode. In such a case, two
prints made from the same master will project in perfect superimposition.
The task of calibrating the optics of the projectors is relatively simple, using
the appropriate registration leader provided by the SMPTE. If zoom lenses
are used, the size of the fields can be exactly adjusted to coincide. Once this
has been accomplished, the fields can be perfectly superimposed by later-
ally shifting or rotating one of the projectors. Then the projectors are locked
down, and the timing belt is tensioned.

APPENDIX 5: CUTTING AND OPTICAL PRINTING

Physical manipulation of the single-band stereoscopic footage exactly
corresponds with the handling of planar footage of the same format. All the
components of the editing bench can be used to full advantage. The only
qualification is that the viewer itself, while retaining its usefulness, will not
allow the editor to view the dual images stereoscopically.

It is possible to design and build a stereoviewer, or a simple adaptation
to existing designs might be accomplished by placing a stereoscope hood
over the viewer’s screen. The larger rear-screen devices used for horizontal
editing tables might be adapted so that they could be used to superimpose
left and right views, which have been filtered by sheet polarizers. A rear-
screen material that conserves polarization must be used, and the editor
would have to wear stereoglasses.

The cutting of double-band stereoscopic footage is more complex but
allows for certain easily achieved effects that would be possible only with
optical printing for single-band sterec. Once again, the existing editing
equipment may be used. A synchronizer is a necessity, and a four-gang or
sprocket unit may serve best if you will be cutting two channels of sound
along with your two channels of picture.

Cutting double-band, in terms of actual physical manipulation of film,
closely resembles cutting double-system picture and sound, since there is a
one-to-one correspondence between left- and right-image bands. There is
also a great similarity between A and B rolling and cutting stereo footage.
Therefore, filmmakers with good editorial experience will have no trouble
adapting to double-band. The same techniques are used, and the same care
is necessary.

It can be said that good editing starts in the camera. Start marks, at the
head or tail or every shot and on synchronized sound recordings, ought to
be provided. This greatly facilitates synchronizing up film with film and
sound. If the start marks, in the form of the traditional clapper board or
another form, are left off, the editor will have to look for clues in the footage
to help find synchronization. | have used a trial-and-error method of screen-
ing my footage to establish synchronization with projectors. Since I shoot in
documentary style, often without a crew, | have had to leave off start marks. |
have been aided in my technique because the Eumig 824 projectors | have
used have accurate frame counters. In this way | have been able to log left
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and right rolls and note positional information on a synchronization cue
sheet. Then it is a straightforward task to find the corresponding frames with
the synchronizer’s frame counter.

Usually left and right bands are cut stacked; that is, there is exact corre-
spondence between where the left and right shots start and stop. However,
an interesting effect is possible when left and right cuts are staggered at the
end of a shot, that is, if several frames are overlapped. If only one frame is
staggered, it is very hard to see or feel any difference between this and a
straight or stacked cut. If two or three frames are overlapped or staggered,
then one obtains a kind of soft cut, which can be rather pleasing for certain
connections between related shots. | used these soft cuts in Uncle Bill and
the Dredge Dwellers in a sequence of similar shots showing repeated at-
tempts to start a small gasoline motor with a pull-cord.

In this film there is also a sequence in which left and right bands contain
totally dissimilar material. At that point there is no stereoscopic effect. In-
stead we have a form of the binocular cinema which resembles the double-
exposure of the planar cinema. However, these binocular effects are more
alive than planar double-exposures. In fact, the viewer can play with the
image, selecting either one by winking the left or right eye.

On some rare occasions out-of-synchronization footage is also very ef-
fective. | have used it for waves breaking on a shore. If only a frame out of
synchronization, the effect is quite interesting and beautiful. The result is a
kind of gelatinous rippling. | have used it to heighten the stereoscopic effect
of low-hanging clouds. By shifting one band with respect to the other, tem-
poral parallax becomes a useful substitute for positional parallax by giving,
in effect, a broader stereo base producing hyperstereoscopic effects.

It is also possible to interchange left and right bands to achieve
pseudoscopic effects. In such a case the left eye will view the right image,
and so on.

Pseudoscopy produces a conflict between the stereoscopic cue and all
the monocular depth cues. For many shots, the effect is quite upsetting. For
example, a closeup of a person’s head against a background viewed
pseudoscopically would move the background to the foreground and scoop
out the person’s head so that it resembled a mold of the head. Many people
when viewing such a shot will be disturbed, but many people will not see
that there is anything different about the image. Apparently, for the latter
group, pseudoscopic images are so totally foreign and beyond experience
that the mind somehow refuses to accept its input and restores the image to
familiar form.

The final crutch of the stereoscopic filmmaker and editor may well be
the optical printer. It can restore to usefulness footage that was produced
with a misaligned camera. Spurious vertical parallax can be cured by an up
or down shift of one shot with respect to the other, and it would even be
possible to correct for mismatched focal lengths by using a blowup or pull-
back. Exposure and color correction could also be made.
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Even if the equipment has been well tuned and performs flawlessly, and
given that the cinematographer made good choices when setting the conver-
gence, editorial judgment may dictate that one shot, because of its relation-
ship to another, must be reconverged.

The cinematographer may have done a closeup and a medium shot this
way: The closeup was shot so that the head of the person is in the plane of
the screen. The medium shot was done so that the person remains in the
plane of the screen. The editor when viewing the shot may decide that,
when cutting from one to the other, it looks odd to have both in the plane of
the screen. The editor may prefer to place the person into screen space for
the medium shot. The optical house or department is then instructed to shift
one of the images laterally so that the person’s image now appears in screen
space.

The editor can specify exactly how much to shift such a shot laterally,
or in fact how to make corrections for spurious parallax by actually stepping
to the screen, with ruler in hand, and measuring the desired parallax. This
divided-by-the-frame magnification gives the optical house the exact dimen-
sions required. Then the direction of shift must be stated, for example, left,
right, up, or down (or north, east, south, west).

APPENDIX 6: ANAGLYPHS

My experiments with anaglyphs began in 1953, when | was thirteen
years old. | drew stereopair cartoons using red and green pencils and pro-
jected these using opaque projectors | built. My recent experiments were
performed for the fun of it, and to work with images that are not angle-
dependent in the same way as viewing polarized-light displays. Anaglyph
glasses retain their selection integrity whatever angle the observer’s head
assumes with respect to the projected images. With polarized-light-coded
stereograms, on the other hand, crosstalk (left image visible to right eye and
vice versa) occurs rapidly with even small changes in head angle. So, de-
pending on the subject matter of the image being projected and the photo-
graphic technique, anaglyphs may provide more freedom of movement for
the observer.

In such a case, the limiting factor for any given stereopair is actually the
vertical disparity of homologous points. As it turns out, some additional
head-tipping can be allowed with the anaglyph as compared with polarized
light, perhaps enough for this to be a significant advantage. However, the
anaglyph may be projected not only by additive-light but by subtractive-
light methods. An additive-light anaglyph is similar to the polarized-light
method, since it involves twin projectors or projection lenses, one with a red
and the other with a green filter. In the subtractive method, monochromatic
images are printed through colored filters on color stock so that red and
green image pairs are superimposed on the same piece of film. The results
are entirely equivalent to the additive method but far simpler to project,
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since any projector can be turned into an anaglyph projector simply by
threading up an anaglyph subtractive print.

In my experiments with additive anaglyphs, the source of the stereo-
grams was black-and-white, virtually grainless and very sharp super 8 Plus X
reversal film. | tried a wide variety of commercially available filter material
over the projection lenses, and | found that the only entirely acceptable pair
of filters (for both lenses and spectacles) were Lee primary red and primary
green, although corresponding Rosco filters worked almost as well. All other
combinations, and | tried scores of them, led to excessive crosstalk or were
mismatched in terms of density. Both effects are undesirable because of ad-
ditional eye fatigue.

The core of the problem can be stated this way: As we reduce crosstalk,
we must increase retinal rivalry. Only deeply saturated filters that are essen-
tially complementary can produce minimum ghosting. The choice of these
filters, based on the requirements of image selection, leads to retinal rivalry.
For many people the resulting flashing or scintillation of color is at least as
bad as leakage of the left image through the right filter, and so forth.

We find ourselves in a bind. If we choose less dense filters, or those that
are closer together on the color wheel, we can substantially reduce rivalry.
But having done this, we discover that spurious images are now objection-
able. '

As a rough rule of thumb, a good pair of anaglyph filters ought to cause
relatively great extinction when laid on top of each other. The same sort of
test is applied to sheet polarizers, when an ordinary tungsten lamp, say 40 to
60 W, is viewed through them. Maximum extinction for the case of the
polarizers is achieved by rotation of one with respect to the other.

In addition to my additive color anaglyphs, | also tried the subtractive
method by having super 8 black-and-white images optically blown up on
low-contrast T6mm Ektachrome reversal print stock through colored filters
(the work was done by W. A. Palmer Films in San Francisco). The results
were very good.

I also experimented with so-called color anaglyphs, using the additive
method and printing full-color stereopairs through appropriate filters. From
these experiments and from my observations of the commercially available
color anaglyph product, | have to conclude that the color anaglyph, so high-
ly touted by inventors, is an entirely hopeless medium. Printing color images
through these filters leads to unequal densities and colors and additional
eyestrain from retinal rivalry. When colors, say red and green, are sufficient-
ly far apart, a flickering or flashing effect occurs rather than the blending of
colors that can come about when similar colors are viewed binocularly. By
comparison, a well-made monochromatic anaglyph is a thing of joy.

| should add that anaglyphs lose a great deal of light because of the
dense filtration they require. Therefore a very bright light source, and/or a
high-gain screen, must be used for best effect, as is the case for polarized-
light display.
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Children have an easier time with anaglyphs than adults, who more
frequently seem to report fatigue and other unpleasant side effects. Never-
theless, the simplicity of presenting subtractive anaglyph prints continues to
attract workers, despite the medium’s obvious shortcomings. In its simplicity
of projection, the anaglyph is very similar to the vectograph. Nevertheless, |
feel the technology is a dead end.

APPENDIX 7: SINGLE-BAND FORMATS

Designers of single-band stereoscopic systems face one major question;
how to arrange the twin stereo frames within the existing frame. Inventors
must somehow arrange the two necessary left and right frames, usually with-
in the area given by the original 1.3:1 Edison aspect ratio. All motion picture
formats use this almost square shape, with the exception of the 70mm sys-
tem, which uses a large frame with a 2.2:1 aspect ratio.

The accompanying drawings illustrate seven major schemes that have
been suggested. The reader will discover, after some reflection and doo-
dling, that other variations exist. The basic idea of these designs is to avoid
mechanical modification to cameras and projectors in order to retain com-
patibility with standard hardware. By replacing only the projector or camera
optics, or by adding on some sort of optical component to the existing
lenses, the full-frame Edison format is converted into a single-band stereo
system. In addition, films that have been shot using a dual-band system may
be optically printed onto a single band of film.

VERTICAL DIVISION

The first variation, the vertical division, results in a tall and narrow
frame and is often accomplished using the same optical attachment for both
camera and projector. The design of the attachment most often employed is
attributed to Brown and is optically identical to the Wheatstone mirror
stereoscope. By a simple combination of mirrors (or prisms), the field of the
lens is split in half. A number of such devices have been marketed; their
chief merits are low cost and the possibility of adaptation to many pieces of
equipment.

This type of device is known in the literature variously as a beam split-
ter, a frame splitter, or a field splitter or divider. It quite obviously is not a
beam splitter, which optically has an entirely different construction and is
put to different purposes. (Beam splitters take the place of semisilvered mir-
rors in optical systems.)

The major difficulty with the frame divider is that it violates the binocu-
lar symmetries of aberration and illumination, since the left and right halves
of a lens’s image must be superimposed on each other.

The vertical orientation of the frame is compositionally suited to few
subjects. Moreover, this converter will only operate with lenses of longer
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A.5. Various format designs. (a) Full Edison format 1.3:1 aspect ratio. (b) Vertical
plus anamorphic format (final aspect ratio about 1.3:1). (c) Vertically rotated
format, same sense (aspect ratio about 1.85:1). (d) Side-by-side format (1.3:1
aspect ratio shown). (e) Vertical division format (aspect ratio about 1:2). (f)
Vertically rotated, opposite sense (aspect ratio about 1.85:1). (g) Over-and-under
format (scope, or 2.35:1 aspect ratio). (h) Over-and-under format (aspect ratio
about 1:1 as shown).
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A.6. Photos of 3-D formats. (a) 35mm side-by-side squeezed anamorphically.
Resulting picture has 1.3:1 aspect ratio. (b) 70mm side-by-side, similar to Soviet
Stereo 70 format. Images can be cropped top and bottom to yield wide-screen
aspect ratio, or anamorphics can be employed for scope format. (c) Over-and-
under on 35mm. The aspect ratio of the projected image varies from 2.34:1 to
1.85:1. (d) 16mm side-by-side format. (e) Super 8 side-by-side format. It is
possible to make contact prints from the dual camera system onto this release
print stock.
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focal lengths. Some variation in convergence and interaxial is possible, but
designs of this kind do not usually offer these creative controls.

VERTICAL PLUS ANAMORPHIC FORMATS

The next variation splits the frame vertically but attempts to overcome
the unpleasant aspect ratio by using anamorphic components in projection
to restore the 1.3:1 aspect ratio. Since the frame is split in half, an anamor-
phic or ““scope” type lens with a ratio of 2:1 is employed to restore the shape
of the image for projection.

Stereovision has used this format to release the Warner Brothers’ feature
House of Wax, originally shot in 1953 in the double-band 35mm Natural
Vision system. The two images are squeezed optically and printed side by
side. Restoration of image geometry takes place in projection. The system
has much to recommend it. The full 35mm frame is utilized, which can give
good sharpness and, with a high-gain screen and high-intensity source of
illumination, good brightness. The projection of House of Wax at the Rialto
Theater in Berkeley in 1977 is the only example of acceptable stereoscopic
projection | have ever seen in a theatrical cinema at a regular screening. A
second visit to the theater three days later made quite a different impression.
Somehow the projection had gotten so badly out of alignment that the film
was greeted with catcalls and hoots by the tortured audience.

LeFT

RicHT

A.7. Simple frame divider. A design obviously based on Wheatstone mirror
stereoscope, attributed to Brown or Kennedy. It results in an unpleasant (for most
subjects) vertical format.

* See erreéa i
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VERTICALLY ROTATED OPPOSITE-SENSE AND SIMILAR-SENSE
FORMATS

The vertically rotated dispositions shown here are similar to formats
proposed by Norling, and by Dewhurst. One advantage of the vertically
rotated opposite- and similar-sense formats is that a pleasant aspect ratio
image results, compatible with modern wide-screen projection practices.
The full frame is utilized, but taking and projection optical systems tend to
be complex. The vertically rotated opposite-sense format maintains the bin-
ocular symmetry of illumination, which is violated in the vertically rotated
similar-sense format. The intensity of the source of illumination is symmetri-
cal about a point in the center of the full frame, so that the similar-sense
rotated image would then have a dimmer left edge of the left frame superim-
posed over a brighter left edge of the right frame. This could be a major
source of eyestrain. (Properly designed graduated neutral-density filters
might be used to restore illumination symmetry, but there would be a reduc-
tion in total intensity.)

Although the vertically rotated opposite-sense format overcomes this
problem, it generates another asymmetry, that of registration, since it will
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A.8. Sherbinin frame divider. Produces vertically rotated opposite-sense tail-to-tail
format. Shown here is the camera design. (U.S. Patent No. 2,282,947)
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always present the greatest possible relative registration error. Registration
error will be identical for both frames, but because of the 180° rotation of
one frame with respect to the other the relative unsteadiness is always maxi-
mized. This can be a serious flaw that cannot be discounted if we are seek-
ing the most pleasing results. It may be overcome if the registration of cam-
era, printer, and projector are first rate.

A.9. Dewhurst frame divider. It results in vertically rotated opposite-sense head-
to-head format. (U.S. Patent No. 2,693,128)

OVER-AND-UNDER (SCOPE) FORMATS

We will next consider the over-and-under format that has been em-
ployed for several feature films, such as The Bubble and Andy Warhol’s
Frankenstein, both of which were shot in the SpaceVision system invented
by Bernier. This over-and-under, or stacked, format results in an aspect ratio
of about 2.5:1. While projection optics are relatively straightforward, em-
ploying prisms mounted in front of conventional projection lenses, the lens
used for photography can be very complex. The problem of maintaining the
axes of the taking lenses in the same horizontal plane, while having to dis-
place one image above the other, apparently does not admit of a simple
solution. The focal length of the Bernier optic is fixed at 35mm and the
interaxial at 65mm. Neither may be varied, but convergence may be altered.
The SpaceVision lenses are of very high quality.

A different optic producing the same format is offered by Marks Polar-
ized. It has not been used for making theatrical films, and it loses a stupen-
dous three f stops. Several focal lengths are available with the Marks unit.
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Other similar systems are Condon’s Stereovision Wide-Screen 3-D,
Winton Hock’s system, Symmes’ D-3, and Findlay’s Super 3-D. The Stereo-
vision system uses two lenses mounted in a single barrel for projection, a
scheme that could contribute to a reduction of asymmeitries. Stereovision
offers a set of T/5 lenses of wide, “‘normal’”’ and long focal lengths that may
be used on virtually any modern 35mm reflex camera. The optics are very
good and are also offered under the Future Dimensions mark. Symmes’ D-3
design, which is similar to Condon’s, is also optically well corrected.

A.10. Condon’s over-and-under projection lens. This is the only design | know of |«
that can give the necessary symmetrical left and right fields. The design features a
UV filter (36) to protect sheet polarizers (32, 34) from heat. Heat sinks (38, 40,

42, 44) also protect filters from heat. (U.S. Patent No. 4,235,503)

See errElégethd%D, Inc. Ex. 2009-0267
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A.T1. Kent’s over-and-under projection systems. Prisms and sheet polarizers are
mounted in front of the projection lens. (U.S. Patent No. 4,017,166)
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SIDE-BY-SIDE AND OVER-AND-UNDER FORMATS

The following two formats, side-by-side and over-and-under, have this
in common: They may both employ the Edison aspect ratio. The over-and-
under with the Edison ratio may have little to recommend it, since it is even
more wasteful of the available frame than the side-by-side format. However,
any aspect ratio up to approximately 2.5:1 could be offered in this format.
The side-by-side format, which can also depart from the Edison ratio, is a
more promising stereo format. If dual lenses are mounted in a single barrel,
all binocular asymmetries may be avoided, since vignetting, aberration, and
all lens-related symmetries may be very tightly matched. The images have
the same orientation, and there will be no relative unsteadiness between the
two frames.

Norling has suggested the use of an anamorphoser, or cylindrical con-
densing element, between lamp and film, to turn the usual circle of illumina-
tion into an ellipse of illumination so that more even and brighter coverage
of the side-by-side frames may result. Alternatively, given the present ten-
dency of lamp designs to use an integral reflector, a reflector of suitable
design could produce an ellipse of illumination that would more efficiently
cover the twin images.

For the T6mm format, half the available image area will be lost in the
side-by-side disposition of stereopairs. Although this is inefficient in one
sense, in another it is very efficient, since projection of a single-band stereo
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A.12. Hoch’s over-and-under lens. (U.S. Patent No. 3,825,328)
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image is far simpler than dual-band projection. Any standard 16mm projec-
tor can be converted to a stereo projector by inserting the dual objectives.

For 35mm the side-by-side has interesting possibilities. Available
T6mm optics may be mounted in a single lens barrel for projection, and if
desired, the print costs could be reduced by suitable modification of the
usual four-perforation pull-down to a two-perforation format.

The Russian Stereo 70mm side-by-side format probably has superb
quality. As shown in Figure A.6 on page 262, these two side-by-side Edison-
format frames are about the same size as 35mm frames.

APPENDIX 8: SUPPLIERS OF SPECIALIZED EQUIPMENT
POLARIZING SPECTACLES

Supplier Comments

Marks Polarized Corp. Good-quality, well-aligned sheet polar-

153-16 Tenth Ave. izers in cardboard frames. | like the

Whitestone NY 11357 frames, although some users do not.
They also supply a very comfortable and
expensive plastic-framed model. Clip-
ons also available for the eyeglass wear-
er.

Polaroid Corp.
549 Technology Square
Cambridge MA 02139

Good-quality, well-aligned sheet polar-
izers in cardboard frames. | do not like
the frames, but some users may. Also
very good quality permanent model at
relatively low cost.

Stereovision
3421 Burbank Blvd.
Burbank CA 91505

Good-quality, inexpensive plastic
frames. Good-quality sheet polarizers.
Frames designed to be saved and used
with fresh filters. More expensive models
available.

3-D Video Corp.
10999 Riverside Dr.

Good-quality cardboard frames. 3-D
video seems to be able to supply very

N. Hollywood CA 91602 large quantities for theatrical needs.

Cardboard-framed spectacles are designed to be throwaways, but with care their
filters can be cleaned and they can be reused. In small numbers, costs are about
$0.40 to $0.50, but half that in quantities. The Stereovision plastic product costs
about $0.50. The deluxe Marks and Stereovision glasses cost about $8.00 a pair. The
Polaroid deluxe models are half this price and a much nicer design.

Legend3D, Inc. Ex. 2009-0270
PRIME FOCUS V. LEGEND3D
IPR2016-01243



270 FOUNDATIONS OF THE STEREOSCOPIC CINEMA

Supplier

Biener 'Systemsi
47-20 37th St.

Long Island City NY 11101

PROJECTION SCREENS

Comments

High-gain TV projection screens, similar
to Ektalite but rugged surface. Well-
designed.

M. Hodges Instruments
6416 Variel Ave.

Woodland Hills CA 91364

Several grades of Liteguarde available.
Similar aluminum surface to Ektalite,
uses adhesive backing for application to
various surfaces.

Hurley Screen Corp.
P.O. Box 217

Forest Hill MD 21050

Silverglo material, sound perforated to
be mounted on frame.

Schudel Inc.
6873 Consolidated Way
San Diego CA 92121

Very high-gain TV projection screens
with 52-in. or 67-in. diagonal measure-
ment. Similar to Ektalite but rugged sur-
face. Unfortunate screen curvature pro-
duces uneven illumination.

Stewart Filmscreen Corp.

1161 W. Sepulveda Blvd.

Torrance CA 90502

Silver 400 material to be stretched on
frame. Mounting systems available.
Filmscreen 200 rear-screen material
works well.

Technicote Corp.
63 Seabring St.
Brooklyn NY 11231

Supplies most of the theatrical 3-D
screens in United States and Canada. Al-
though they are aluminum-surfaced, the
industry calls these ““silver’”’ screens.

J. C. Siva
1520 N.E. 131 St.
Miami FLL 33161

Uses Hodges material for high-gain TV
screens.

Note about rear screen material. | have been told that 8-mil callendered plastic,
which is used for shower curtains and other applications, works fairly well as a rear
screen with adequate conservation of polarization. It is available from plastic supply
houses, in great widths and lengths. Be sure to test a sample before ordering.
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APPENDIX 9: MATHEMATICAL NOTATION

The following symbols have been used in the exposition of my transmission
system. The summaries of earlier developments given in Chapters 4 and 5 have used
the nomenclature of the original work.

Symbol

TI<TSLSLOUZIIXRI 0

aa

Subscript

N T QO3 -~ Qan

Definition

divergent parallax, in excess of t,
distance from camera lens to object
focal length

height

stereoscopic constant

object magnification

frame magnification

parallax, usually screen parallax, even without subscript
distance from projector to screen
interaxial distance

interocular distance

distance from observer to screen
width

convergence angle

space characteristic

perspective characteristic

Definition

camera
divergent
eyes
frame
hyperconvergent
image
maximum
object
projector
screen

toti

near plane

APPENDIX 10: MISCELLANEOUS INVENTIONS

Over the years, perhaps five thousand patents in the general area of
stereoscopy have been issued, and a correspondingly smaller number in the
specialized area of motion picture stereoscopy. The two are not entirely
separable in many instances. In the course of my investigation, | have col-
lected about 600 patents issued by the United States and British Patent Of-
fices. Selection was based on references to them or their authors in the litera-
ture (including other patents) or by searching through the abstracts in Patent
Digest, a weekly publication of the United States Patent Office. Prior to the
turn of the century, before the Digest, lists of patents were published.
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H. A, TOLLES AND G. H. ERNSBARGER.
METHOD AND APPARATUS FOR PRODUCING MOTION PICTURES,
APPLICATION FILED AUG,. 30, 1916,

1,508,207. Patented July 1, 1919,
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A.13. Tolles and Ernsbarger 3-D camera design of 1919. An exceedingly complex
film path that seems to have no advantages.
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Dec. 15, 1959 N. L. SPOTTISWOODE ETAL 2,916,962
OPTICAL SYSTEMS FOR STEREOSCOPIC CAVERAS )

Filed May 24, 1954

Inventor
Niael . Socdtiswoode
Aaymond . Spottrswoode

By , .. .. /.
/4“.474 Z/»%u/"/l gwéa

Attorney

A.14. Spottiswoode’s dual camera design. The only design in this group that is
practical.
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May 28, 1929. D. L. DAPONTE 1,714,849
STEFEOSCOPIC C!NEMATOGRAPHY

Filed March 26, 1924 14 Shests-Sheet 1

D, B Da)rornrle
\Wﬁﬂﬂ o COnh
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A.15. Daponte’s monocular 3-D contraption. The left and right frames are
somehow blended or interleaved together in some magic way to create a
stereoscopic effect. If it worked, one ought to be able to view 3-D with one eye
shut. This is typical of a number of weird ideas from the inventors. Perhaps |
should keep my mind open while my eye is shut.
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June 22, 1937. H. P. DONLE 2,084,795
SYSTEM AND METHOD FOR SECHURING THIRD DINENSICRAL
EFFECTS WITH A SINGLE IMAGE
Filed Dec. 16, 1933 2 Sheets-Sheet 1
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A.16. Donle’s wiggling image. Can a cylindrical lens placed over a picture be
rocked in some way to produce a 3-D effect? If you glue feathers to a turtle, can
it flap its shell and fly?
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For convenience, | used the following arbitrary categories: cameras, TV
systems, polarization, monocular stereoscopy, synthetic stereoscopy, pro-
jection, autostereoscopic-still, autostereoscopic-movie, volumetric displays,
stereoscopes, and miscellanecus. A few dozen of the most important or in-
teresting patents are listed in the Bibliography.

One test of patentability, | had assumed, was the common-sense ques-
tion: Does the invention work? Does the invention do what the inventor
claims? A significant number of the patents | have examined do not. More
than 10% of those in my own collection are based, on psycho-optical prin-
ciples that, if correct, would have gained the inventor the highest possible
honors, and most certainly if the invention performed as claimed we would
be enjoying stereoscopic movies without the need for glasses.

Entries in two of my categories, monocular stereoscopy and synthetic
stereoscopy, are subject to the most serious doubts. If the former class
worked, it would be possible for a one-eyed person to observe a stereoscop-
ic image, while the latter class tries unsuccessfully to synthesize a stereo-
scopic effect from planar images.

A number of inventions attempt to combine both images on the screen
by blending or dissolving them together in some sequence, using special
shutters in projection with variable neutral-density disks or the like. If this
approach worked, individual selection devices could be elminated, but it
would also be true that a one-eyed person could observe such stereoscopic
images. Monocular and synthetic stereoscopy are based, at least in part, on
the false premises that motion and spatial parallax are equivalent and that
the persistence of vision can be used to help the eye-brain integrate left and
right views into a true stereoscopic effigy.

APPENDIX 11: THE STEREOWINDOW

The stereowindow is defined as the edge or boundary that surrounds
the three-dimensional image. It is usually made up of a border of black
straight lines, parallel to the horizontal and vertical, forming a rectangle. In
the system advocated in this book, CLA, the screen surround and the ste-
reowindow correspond. The screen surround is the black material bordering

the screen.
Berssenbrugge (1948) discusses the subject of the stereowindow in the

context of the stereoscope. He defines four methods of image framing that
are of interest:

The sharp frame at infinity.

The foreground frame.

The foreground frame requiring accommodation of the eye.
The blurred frame.

PN

The sharp frame at infinity could be achieved by having the projector
apertures aligned so that they form a window with a parallax of 65 mm for
the vertical portion of the surround. The parallel-projection scheme advo-
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cated by Rule and others would automatically fulfill this condition. How-
ever, parallel projection is often carried out using the screen surround to
mask off portions of the frame. This results in an effective foreground frame,
or stereowindow, corresponding to the screen surround.

Method 1, as given here, will result in all objects playing in space in
front of the window. | find this a disturbing effect. It certainly invites greater
conflict of the stereopsis cue and interposition at the vertical portions of the
surround. It ought to be noted that the only stereoscopic cues for window
placement are given by the vertical portions of the surround.

Method 2, the foreground frame, has been described throughout this
book. In the CLA system, which is almost universally adopted by theatrical
filmmakers, camera lenses converge on the object to be placed at the stereo-
window. Upon projection, the object will appear to be in the same plane as
the surround.

Method 3, foreground frame requiring accommodation, is frequently
used by still stereoscopists projection slides. By masking portions of the ver-
tical frame, they can add parallax to the stereowindow and move it forward
of the surface of the screen. In this way, they can place the window where
they please with respect to the image.

Spottiswoode et al. suggest using a window printed on the motion pic-
ture print to increase the depth range of the shot and to bring the images out
closer to the audience. They also mention that they have perfected a means
for imparting parallax information to the horizontal portion of the window.
They do not describe the method.

The blurred-frame technique, method 4, might be employed to soften
the abrupt transition from screening room environment to stereo effigy. It
could be accomplished by a variety of means, either by using masks in front
of the projector lens or by optical printing.

In the 1950s, experiments were carried out using gray surrounds that
would have some projector light spilled on them to soften the transition from
screen image to theater darkness. Although this technique was used to a
limited extent in some houses, it obviously has passed into oblivion.

Some people viewing stereo films prefer a relatively high level of ambi-
ent room light. They find it less tiring to view the images this way. Perhaps
the gray surround and the blurred frame need further experimentation.

| personally like looking at stereo projection in fairly dark rooms with
the window corresponding to the surround, or what has been called in this
section the foreground frame method. It may well be that this is all a matter
of taste. Whatever people get used to, they like. | am reminded of several
screenings of the United Artists’ dual 70mm system | saw on a 50-ft-wide
screen. Many of the images were composed so that the background had zero
parallax. All other objects had negative parallax. For example, a shot of the
pyramids with a camel in the foreground played with the pyramid at the
plane of the screen and the camel in the row in front of me. | disliked it and
found it uncomfortable to view, but other viewers did not seem to mind.
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APPENDIX 12: THREE-DIMENSIONAL TELEVISION

Motion picture and television systems are strongly related. Both dissect
the image of the moving subject into a series of pictures, which when suit-
ably played back, give the illusion of motion. These moving image systems,
one storing the images chemically, the other transmitting or storing electron-
ically, are subject to the same stereoscopic transmission theory that has been
discussed in these pages.

The construct of symmetrical left- and right-image fields holds for both.
For television imaging, because of the smaller screen sizes generally en-
countered, geometric and angular tolerances may be relaxed. But we should
approach this conservatively, since some people may prefer to sit very close
to their television sets, projection or large-screen television is becoming in-
creasingly popular, and program material prepared for television may also
be displayed as motion pictures.

With regard to the desirable asymmetry of screen parallax and the pho-
tographic parameters used to control depth range and the shape of the stere-
oscopic image, my experiments have led me to believe that photography for
the motion picture medium will work well for television. Projection onto the
small screen results in pleasing images even if the original photography was
intended for the large movie screen and our demonstration films have been
successfully transferred to videotape for viewing with a television system
designed by my organization.

As of this writing, stereoscopic motion picture systems are in only occa-
sional use and stereoscopic television is used even less frequently. It is at
present confined to special industrial, medical, and military purposes. For
example, the handling of isotopes with robot arms is facilitated for the oper-
ator by viewing the procedure three-dimensionallv. But these uses involve
highly specialized solutions that may not solve the general problem.

| will define the solution to the general problem as a three-dimensional
television system that can be successfully used by nonspecialist consumers
in place of, or in addition to, the present planar system. Such a system would
have a high degree of compatibility with the present television infrastruc-
ture. For example, videodiscs and tape cassettes presently available could
be encoded stereoscopically, disc players and tape machines would need
no modification, cable and broadcast transmission could be carried out es-
sentially as at present, new stereoscopic television sets could receive planar
transmissions, and present planar televisions could receive stereoscopic
transmissions two-dimensionally.

Moreover, planar television quality would be preserved; that is, sharp-
ness would remain adequate, color good, and there would be no other deg-
radation of image quality. Ideally, individual selection devices would not be
needed, but if they are, the glasses ought to be inexpensive, lightweight and
comfortable, and of course they must use neutral lenses. Anaglyphs are un-
acceptable.
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The major aspects of these systems fall into three areas: cameras or
telecines, encoding the signal for transmission or recording, and display.

The same sorts of solutions to the camera problem that have been ap-
plied by motion picture workers have also been used by television workers.
These include dual cameras with or without various mirror or prism arrange-
ments, frame dividers for single-camera systems, and rotating mirrors used in
conjunction with single cameras for eclipse or sequential systems. Since we
have discussed the first two categories, we need only consider the third at
this time. A typical example from the published art is given in the drawing
shown here, from Beste’s 1966 patent. We see that the prism, 42, sends light
from the right and left lenses to a single television camera. Shutters at 36 and
34 alternately occlude the left and right images in synchronization with the
interlace. (We will return to the concept of interlace shortly.)

Now let us turn to the area of signal encoding. Various schemes have
been proposed for transmitting or recording a pair of images given an unal-
tered bandwidth. If one is able to opt for doubling the bandwidth to contain
two channels, the problem is in many ways simplified. Such a strategy might
be acceptable for cable transmission, but it probably would not be accept-
able for broadcasting through the air and would also lead to great difficulties
with regard to recording and playback apparatus.

One of the first ideas to appeal to inventors was to apply the system of
television interlace or alternate odd and even field scanning for stereoscopic
encoding. For planar television, in this country 30 complete pictures are
transmitted each second. In Europe the number is 25. But each of these
whole images is broken up into two parts. A system of interlacing two fields
for each picture is used to eliminate flicker. Thus 60 fields are used here and
50 abroad. One pair of odd and even fields, which sweeps out the television
picture like intermeshed fingers of the left and right hand, makes up a com-
plete picture.

Inventors such as Goldsmith (1951 for RCA) have tried to take advan-
tage of the interlace system in order, for example, to place the right picture
on the odd field and the left picture on the even field.

Goldsmith, in the patent drawings shown here, further proposes io ro-
tate the raster through 90° to provide a vertical pattern that can be positioned
behind a parallax stereogram barrier for viewing without glasses. This is not
a practical idea, since the viewing zones are limited and head movement is
strongly restricted.

Dockhorn in his 1957 patent borrows a page from Hammond’s 1924
patent with a mechanically occluding or eclipsing shutter. Kratomi (1973)
and Roese (1975) take the idea a step further by synchronizing the fields
with electro-optical shuttering devices worn in spectacles. These would be
less cumbersome than mechanical occluders.

Goldsmith (1972) and Tesler (1973) do away with alternate interlaced
encoding of the stereoscopic signal and use ideas similar to those employed
for color television encoding. Essentially, a difference signal is created by
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subtracting the left from the right image, and this is encoded in an unused
portion of the carrier wave. Decoding takes place at the receiver. Thus, a
single image, either the left or the right, is transmitted with stereoscopic
information as a difference signal carrier (in Goldsmith’s version). Planar sets
ignore the difference signal, but stereoscopic sets use it to reconstruct the
missing image.

Such a scheme would overcome one difficulty of alternate interlace.
For alternate interlace, the usual planar receiver will pick up both left and
right images and more or less superimpose these as a blurry image. This is
what happens when you look at stereoscopic motion picture projection
without the glasses. Systems using a difference signal would produce a sharp
image on the planar receiver.

Of course, | am assuming that the difference signal can be made to give
good results. It certainly is an attractive idea, since it might overcome an-
other of the alternate interlace faults, namely, severe flicker. For alternate
interlace we are reducing, the total number of images to each eye from 60 to
30 (or from 50 to 25 in Europe). Therefore there will be flicker, since 30 or
25 pictures per second is considerably below the critical fusion frequency
(about 45 images per second).

I will pause for a moment to make some parenthetical remarks. The
reader may have noticed that | have discussed both methods for encoding
the signal and display. The two areas are separable, but it is expedient to
have made some mention of display systems to clarify the intention of the
encoding system. We will concentrate on display shortly.

| feel | must also remark that the inventions cited here are taken from the
literature not necessarily because they are inspired or perfected manifesta-
tions, but rather because they are typical or easily illustrate certain important

points. | can only make an educated guess about how well most of these
inventions perform because the systems discussed here are, for the most

part, from the patent literature. Inventors are not required to submit working
models, and in most cases it is my suspicion that these devices have never
been built and if built, would not perform well.

| must also emphasize that this is a very complex subject, worthy of its
own book. However, in the interests of brevity, | have omitted many com-
ments about the systems discussed here and have, in fact, omitted mention
of some systems that may possibly lead to a fully realized manifestation of
three-dimensional television.

So far we have discussed electronic means for encoding stereoscopic
information. There are also optical means that may be employed, using
frame dividers, similar to those used for motion picture work. Butterfield has
shown devices of this kind for industrial and medical applications. Images
are placed side by side on a cathode-ray tube (CRT) and viewed through a
hood, or stereoscope. Results are adequate for the purpose of handling dan-
gerous materials from a distance, or for imaging through a binocular micro-
scope.
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A.17. Beste’s alternate-field system.
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Dec. 11, 1951 A. N. GOLDSMITH 2,578,298
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A.18. Goldsmith’s alternate-field system. He would rotate the raster through 90°
and view through a parallax grid barrier.
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Oct. 22, 1957 W. A. DOCKHORN 2,810,318
STEREOSCOPIC APPARATUS
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A.19. Dockhorn’s occluding viewer.
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A.20. Roese’s alternate-field system using electro-optical shutters.
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A.21. Kratomi’s electro-optical image-selection device. It is shown here applied to
both television and movies.
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A.22. Block electronic diagram of Goldsmith’s compatible system.
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Butterfield and others have applied the frame-divider concept to display
using polarized light for image selection by using a projection television
receiver. Projection televisions usually use aluminum-surface screens,
which conserve polarization. An optical device is added to the projection
lenses to produce properly superimposed and polarized images.

In the foregoing, | have discussed several means for displaying the en-
coded stereoscopic pairs of images. Mentioned were autostereoscopic dis-
plays using raster screens, occlusion using mechanical and electro-optical
shuttering devices, viewing the CRT through a stereoscope, and projection
television using polarized light for image selection.

A.23. Stereoscopic television inventor James Butterfield. Shown here at the
viewing hood of his industrial system.

In addition to autostereoscopic displays using raster barriers, inventors
have described lenticular screens. These would hardly improve the situation
for observing interdigitized stereopairs, since viewing zones would be ex-
tremely limited in number and extent. The basic difficulty with autostereo-
scopic television displays is the same as that for motion picture displays. A
large number of images from separate perspective viewpoints are needed in
order to provide broad viewing zones. Only broad zones can provide free-
dom of seating placement and of head movement. A practical system might
need a score or more of channels to achieve these ends. This poses grave
problems for transmission and storage of autostereoscopic information.
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A.24. Interdigitized parallax stereogram television system. Design for a CRT
placing phosphors behind lenticules. From Goldsmith’s 1972 U.S. Patent No.

3,674,921)
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Maurice Tripp, of the Skia Corporation, seems to have demonstrated in
the early 1970s an autostereoscopic system of very advanced design which
overcomes most of the significant problems of prior art. Tripp’s disclosure,
U.S. Pat. No. 3,932,699, is more interesting for what it leaves out than what
it includes. My associate, Starks, and | visited Tripp in his laboratory and saw
examples of his work in the form of large photographic transparencies. The
television system had been taken apart but we were able to examine compo-
nents. A large diameter lens is used for photography, in conjunction with a
lenticular screen covering the face of the light sensitive tube of the television
camera. Viewing is carried out on a CRT with a fiber optic faceplate, one
side of which has the usual phosphor coating. The other side of the fiber
optic screen is a lenticular grid.

Turning to display devices working in conjunction with stereopairs, we
find two possibilities: sequential occlusion and polarization. The two are not
distinctly separable, since polarized images may be presented in sequence.

The heart of the problem is that CRT rear-screen projected television
images are produced with electrons, and electrons cannot be treated like
light to carry polarization information. Therefore polarization must occur at
the surface of the screen after the excitation of phosphors.

In many ways, it would be preferable to use polarizing spectacles in-
stead of electro-optical shuttering spectacles. They would be less expensive,
and since they are passive devices, they do not need to receive synchroniza-
tion information from the receiver. Electro-optical shuttering glasses are ac-
tive devices that need to be in touch with the scanning rate of the interlace
by means of cables or some wireless scheme. Shuttering selection devices,
unlike polarizing spectacles, allow for quite a bit of head tipping, and it is
my observation that this can make viewing more comfortable.

Huffman (1958) uses an idea by Land originally applied to the display
of still stereopairs. He places two CRTs at right angles and views the image
through a semisilvered mirror. The CRTs are covered with sheet polarizers,
and the viewer wears the appropriate glasses. This is an idea with defects we
need not enumerate.

We have discussed the possibilities of projection television, and a re-
cent patent by Tan (1978) combines aspects of both rear-projected and
front-projected systems. The idea attracted some attention in the press, prob-
ably because the patent is the property of Philips, the electronics giant. A
CRT has its image transmitted through a sheet polarizer, and a projection
television is used to throw a second image onto the surface of the CRT. The
projection optics contain a second sheet polarizer. It seems an ingenious but
cumbersome manifestation.

Vanderhooft (1957) and Geer (1965) have attacked the problem in a
different way. They steer the left and right images to thin parallel sections of
the surface of the CRT. As may be seen in the drawings, both inventors like
the idea of using lenticular sheets juxtaposed in front of the screen surface
for autostereoscopic viewing. We have discussed the problems of presenting
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July 29, 1958 C. E. HUFFMAN 2,845,618
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A.25. Huffman’s 3-D television system. CRTs coverd with sheet polarizers facing
at right angles to each other.
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interdigitized stereopairs autostereoscopically. In addition, Vanderhooft and
Geer would have to deal with the thickness of the faceplate of the CRT and
resulting misalignment of image strips and lenticules. Of course this would
also be a consideration if strips of sheet polarizers were applied to the face of
the tube. It might be better to place the polarizer strips inside the CRT. A thin
glass plate with phosphors on one side and polarizers on the other would do
the trick.
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A.26. Tan’s front- and rear-screen 3-D television display.

The ordinary CRT cannot be used to steer the electron beam accurately
to an exact spot on the phosphor surface of the tube. If it could, the job of
inventing color television would have been vastly simplified. Special beam
index tubes have been suggested that would use a sensor and feedback sys-
tem to ensure that the electron beam accurately scans the phosphor surface.
This kind of a design might be applied to a polarized display, but the lack of
progress in its application to color television makes me suspect that it would
be a formidable task.

Bonne of Honeywell (1974) takes a different position. He plans to
change the angle of polarization at the surface of the screen by using PLZT
ceramics positioned after the polarizer. In this way, passive glasses might be
used, with left and right images presented in sequence. The PLZT ceramic,
probably made up of a mosaic of the material, would function in synchroni-
zation with the interlace. Honeywell actually built such a device, and other
large PLZT displays have been built for classified military purposes.

Next, | will discuss volumetric display possibilities. We will take a look
at three typical suggestions. Ketchpel (Hughes Aircraft, 1964) shows a spe-
cial CRT with a spinning, disc-shaped phosphor screen. Persistence of vision
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A.27. Vanderhooft’s interdigitized parallax stereogram tube.
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Meay 18, 1965 C. W. GEER 3,184,630

THREE-DIMENSIONAL DISPLAY APPARATUS

Filed July 12, 1960 2 Sheets-Sheet 1
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would help create the stereoscopic effigy. A little thought shows that such a
contraption will produce transparent images, which one can see through.
This is fine for the display of some kinds of graphics or radar, but not for
general depictions of the visual world. A similar comment can be made
about Rowe’s 1977 patent using a cloud of phosphorescent particles floating
in a twin-gun CRT. The particles glow where the beams collide. By properly
steering the electron beams, a three-dimensional Cartesian coordinate trac-
ing of the image can be created.

We now come to the idea of Munz (1971), who suggests using a plural-
ity of spaced screens as shown in the drawing. This concept, whatever other
problems it may contain, has in common with all volumetric systems the
following: The spatial extent of the effigy depends on the actual physical
thickness of the volume encompassed by the device. Objects cannot be
brought forward of the near-screen surface, and they can extend backward
in space a distance that, at best, can be measured in centimeters.

For the past seven years, in efforts predating my motion picture work, |
have investigated the possibility of a stereoscopic television system encod-
ing the odd and even fields with left-and-right stereoscopic image pairs. My
associates and | designed several systems for achieving this end. One of our
main goals was to preserve the existing television infrastructure so that our

CONTROLLABLE
FIlG, / POL ARIZING MEANS

A //2
r Y

POLARIZER MEANS

POLARIZATION
ANALYZERS
SCREEN CHANGING MEANS

Gener 14a VIEWER
GENERATING 4
weans AN il (.- R

) T / 20a
ol VY NN Al T l - o200

14b

iy 'l||“h-
I

SYNCHRONIZING MEANS

13

A.29. Bonne’s alternate-field display.
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July 7, 1964 R. D. KETCHPEL 3,140,415
THREE-DIMENSIONAL DISPLAY CATHODE RAY TUBE
Filed June 16, 1960 4 Sheets-Sheet 1
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system would be a compatible one. We wanted our invention to be view-
able with either passive (polarization) or active (electro-optical occlusion)
selection devices, and we desired to preserve the existing bandwidth. On
November 20, 1981, at 1:40 p.m., my co-inventor Jim Stewart plugged in the
final component, and we observed flickerless high-quality, three-dimension-
al television images that achieved our design goals. The system was de-
signed with the assistance of my associate Michael Starks. Initially we plan
to market the system for industrial purposes, and the readers of this book
may find it interesting to learn that it affords a splendid video assist viewfind-
er for cinematography so that images may be previewed stereoscopically at
the time of photography.

A.31. Rowe’s phosphorescent cloud display.
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A.32. Munz’s multiple-screen display.
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aberration symmetry, 182-83
accommodation, 58; and convergence,
100-102, 191, 220
acuity, stereoscopic, 107-10, 126-27;
see also stereopsis
aerial perspective, 56
Aguilonius, 20-21, 157; horopter of,
20-21, 157
Allee, 51
alley experiments (Luneberg), 157
Ames, 157, 158
anaglyphs, 8, 31-33, 51, 68, 88, 258—
60
filters, 32—-33, 259
image selection, 31-33
anamorphic cinematography, 46, 50,
263;
see also CinemaScope; Cinerama;
wide screen
Anderton, john, 33-34
Andy Warhol’s Frankenstein, 12, 47,
265
animation, stereoscopic, 37, 51, 128,
235
Ansco Color, 37
anxiety, and stereoscopy, 77-78; see
also eyestrain; stereopsis,
psychology of
Around Is Around, 37, 51
Arriflex 2C camera, 187
Arri 35BL camera, 187
asymmetries, binocular
catalog of, 188
horizontal: see screen parallax
near-range equations, 200-202
and perspective, 221-25

312

and stereo field, 226-30

see also depth-range relationships
Audioscopiks, 33, 128
autostereoscopy, 49, 69-75

display, 73

panoramagram, 69-70

projection, 72, 74

Baker, Friend, 39, 149

beam splitter, 260

Beaulieu 4008 camera, 248

Bernier, R.V., 47, 48, 49, 264

Berssenbrugge, 276-77

Beste, Harold E., 279, 281

binocular color, 187

binocular symmetry: see symmetries,
binocular

binocular vision, 16, 18-19, 20-21,
23, 26, 66—67, 157; see also eye;
stereopsis

Boehner, 39

Bonne, 291, 294

Boring, Edwin G., 18, 19, 20

Brewster, Sir David, 17, 23, 24-26,
27,28,95, 119. 122-23

Brown, Theodore, 260

Bubble, The, 12, 47, 265

Butterfield, James F., 280, 287

Bwana Devil, 9, 38-39, 50, 149

calibration, of dual systems, 12, 251—
53
cameras
Arriflex 2C, 187
Arri 35BL, 187
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Beaulieu 4008, 248
Dickson, 30
dual-camera designs, 11, 36, 68,
128, 149, 250-53
Dunning, 43
Friese-Greene, 29-31
Mitchell, 39
Nimslo, 70
Nizo 561, 12, 248-49, 252
Norling, 41-43, 128
Ramsdell, 36, 37, 250
70mm, 41-42
Stereo Realist, 24
Stereo 70, 49-50, 120, 16676, 269
Super 8, 108-10
Tondreau, 45
camera parameters: see depth-range
relationship; focal length;
interaxial distance
Canadian Film Board, 37
cardboarding, 138-39
cathode-ray tube (CRT), and
stereoscopic television, 280, 287,
289, 291
Charnwood, Lord, 162
chiasma, 18, 20, 62
chromatic symmetry, 186-87
Cinecolor, 88
CinemaScope, 37, 46
cinematography, stereoscopic, 44,
174-75; anamorphic, 46, 50, 263
Cinerama, 37, 46, 159
circular measures, 120, 144-45, 153
Close-Up Photography and
Photomacography (Eastman-
Kodak), 233
closeups, 229-30, 233-35, 239-40,
241-42
Collender, Robert, 74-75
color
binocular, 187
film, 37
filters, 32-33, 68, 182, 186, 259
and image selection, 31, 32-33, 68
Columbia Pictures, 47
Come Closer, 51
comic books, 3-D, 8-9
Comin’ at Ya, 50
Composition #4 (Grant), 51
composition, stereoscopic, 236-38
Concert, The, 166
Condon, Chris, 13, 43, 47, 167-68,
243, 266
constant, stereoscopic, 193, 195-97

convergence, 58-59, 61, 95, 97, 100-
102
and accommodation, 100~-102, 191,
220
and screen parallax, 95~-97, 134
settings, 96, 253
variable, 150-51, 164-65
see also depth cues;
hyperconvergence distance
convergence angle, 97-100, 103, 165
and screen parallax, 99, 103
Creature from the Black Lagoon, 12,
40, 41
Cross, Lloyd, 77
crossed-lens-axes (CLA) system, 95-97,
102, 128, 132-33, 137-38, 142;
and hyperconvergence, 193-94
crosstalk, 258-59; see also ghosting
cues, depth: see depth cues
cutting, 25658
Czermak, 28

D-3 system, 266
D-150 system, 159
D’Almeida, 32
Dapont, D.L., 274
Day Off in Moscow, 166
decussation, 20
Deep & Solid, Inc., 13, 243, 296
depth cues, 16, 19, 53-61
depth perception, 19, 111-14
and space, 155-60
and viewing distance, 111-14
see also stereopsis
depth-range relationship, 114-17,
190-220
equations, 114-17, 190, 195
and field depth, 219-20
and hyperconvergence, 193-95,
197-99, 201-202, 220
and object magnification, 216-19
parameters, 199-200
tables, 203-15
depth sense: see stereopsis
Dewhurst, Hubert, 161, 166, 264, 265
Dial M for Murder, 41
Dickson, William, 30-31
Dimensions of Oldsmobile Quality,
The, 13
discomfort, stereoscopic: see eyestrain;
anxiety
Disney Productions, 50
disparity, 21, 59-60, 95, 103104,
177, 237
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distance ratio, 154

distortion, and stereoscopy, 134-35,
144, 161-63, 165, 221; see also
cardboarding; crosstalk; ghosting;
perspective

divergence, 101, 102-103, 138;
calculation of, 191-92

Dockhorn, Wayne A., 279, 283

Donle, Harold P., 275

double-band systems, 11, 36-37, 46,
52, 95,97, 186, 187

double image: see disparity; fusion

dual-camera designs, 11, 36, 68, 128,
149, 250-53; calibration of, 251~
53

Dudley, Leslie, 37, 39, 47, 149

du Hauron, Louis, 31-32

Dunning camera, 43

Eastman Color, 37

eclipse system, 31-33, 69, 279

Edison, Thomas Alva, 29, 31

Edison aspect ratio, 167, 168, 184,
196, 260, 261

editing, 101-102, 256-58

Einstein, Albert, 141, 157

Ernsberger, G.H., 272

Euclid, 17, 18, 21

Euclidean geometry, 120, 141-42,
154-55

Euclid’s sphere, 17

Eumig 807 projector, 12, 248--49, 255

Eumig 824 projector, 12, 248-49, 255,
256

eye, 17-21, 58-60, 61-62, 157-58;
defects, 152; see also optics

eyestrain, and stereoscopy, 12, 42, 44,
51-52, 79-80, 100, 101, 125,
138, 177-78, 187, 220

Fairall anaglyph system, 32-33
field, stereoscopic
depth of, 219-20
and object magnification, 91-92
perceived depth, 111-14
shape of, 226-28
field, visual, 63-64, 65
film formats: see 70mm; 16mm; Super
8; 35mm
Film #6 (Smith), 51
filters
and anaglyphs, 32-33, 259
color-compensating, 186
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and image selection, 32-33, 68
Lee, 182, 259
Roscoe, 259
Findlay, 47, 266
Fischinger, Oskar, 51
fisheye lens, 159
focal length, 44, 184, 198; and
perspective, 224-25, 230-32
fovea, 60, 61, 62
frame dividers, 260, 262, 263-65
frame magnification, 91-92, 170,
171-73
Frankenstein’s Bloody Terror, 50

Friese-Greene, 29-31

fusion, 92, 100, 102
Future Dimensions, 13, 47, 51, 151

Galen, 17-18, 20, 21

Gance, Abel, 38

Geer, Charles W., 289, 291, 293

geodesic, 156-57

geometrical symmetry, 183 -85

geometry, Euclidean, 120, 141-42,
154-55

geometry, non-Euclidean, 155-60

ghosting, 90; see also crosstalk

Gibson, James J., 19, 53, 56, 63—-64,
65, 222

glasses, 3-D, see spectacles, polarizing

Goldsmith, Alfred N., 279-80, 282,
286, 288

Grant, Dwinell, 51

Greenhouse, Daniel, 139

Gruber, Wilhelm, 25

Gunzberg, julian, 39, 41, 120, 149
52,232

Gunzberg, Milton, 39, 41, 120, 149

Hammond, Laurens, 32, 279

Hardy, LeGrand, 158

Heilig, Morton L., 9, 10

Helmholz, Hermann von, 28, 56, 106,
112, 116, 119, 12627, 187

Herapath, William Bird, 33

Herapathite, 33

Herman, Stephen, 166

Hilt, Armin J., 120, 152-54

Hirsch, Hy, 51

Hoch, Winton C., 266, 268

Holmes, Oliver Wendell Sr., 27

holography, 77

homologous points, 95, 124, 183

Hondo, 41

horopter, 20-21, 105, 157-58
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Hot Flashes, 51

House of Wax, 12, 39, 40, 41, 263

Huffman, Charles E., 289, 290

Hymmen, 28

hyperbolic geometry: see non-
Euclidean geometry

hyperconvergence distance, 193-95,
197-99, 200-202, 220; tables,
198

hyperphoria, 79

hyperstereography, 131-33

hyperstereoscopy, 131-32, 173, 235—-
36

illumination symmetry, 181-82

image, retinal, 54, 61-62; see also
fusion

image selection

by color coding, 31, 32-33, 68
by polarized light, 33-36, 37, 68,

80-83, 86-87

interaxial distance, 44, 60, 97, 129-
30, 137, 147-48, 150, 162;
settings, 229-30

interocular calculator, 147 -48

interocular distance, 44, 60; and
screen parallax, 92-93

interposition, 54-55

Introduction to 3-D (Dewhurst), 166

It Came from QOuter Space, 12, 40

lvanov, Boris, 74

lvanov, S.P., 166

Ives, Frederic Eugene, 42

lves, Herbert E., 72

Jacobs, Ken, 52

Jacobsen, 50

Judge, Arthur )., 107, 110, 235, 236
Julesz, Bela, 60, 78

Julesz figure, 6061, 178

Kaufman, Lloyd, 19, 26, 54, 78

Keeter, Worth ill, 13

Kepler, Johannes, 19-20, 21, 141;
projection theary, 20, 141

Kent, Arthur P., 267

Kethchpel, R.D., 291, 294, 295

keystoning, 161

Kinematoscope, 29

Kiss Me Kate, 12, 41

Kitrosser, S., 120, 147

Komar, V.G., 77

Kratomi, 279, 285

lamp, projection, 182
Land, Edwin H., 33-35, 37, 87, 88-89
Lawder, Standish, 52
Layer, H.A., 27,78
lenses
Bernier, 48
Bolex dual-lens, 47
fisheye, 159
long focal length, 231-32
Paillard projector, 47, 168
short focal length, 230-31
Space Vision, 48
telephoto, 165, 230
wide-angle, 165, 230
zoom, 160, 166, 237-38
see also focal length
lenticles, 70
lenticular screen, 70-71, 72; in
television, 287
Leonardo da Vinci, 19, 155-56, 160
Leventhal, ).F., 33, 128
Levonian, E., 101, 160-61, 253
Lieb im 3-D, 50
lighting, 237; see also illumination
symmetry
linearity: see geometrical symmetry
Linssen, E.F., 27
Lipton on Filmmaking, 13, 249
London Tribute, 37
Lumieres, 76
Luneberg, Rudolf K., 152, 154, 157-
58, 160
Luneberg metric, 152, 154, 157

MacAdam, David L., 120, 132, 139,
161-66, 226, 232; transmission
system, 161-66

Mach, Ernest, 63, 64

magnification, frame, 91-92, 170,
171-73

magnification, object, 91-92, 171-73

and depth range, 216-19, 225-26
variable, 153-54

Mabhler, Joseph, 88

Marks, Alvin, 47, 76, 77

Marks, Mortimer, 47, 76, 77

Marks Polarized, 88, 265-66

mathematical nomenclature, 121

mathematical notation, 271

Maze, The, 12, 40

Mclaren, Norman, 37, 51, 235

MGM, 33, 128

mirrors, add-on, 10-11

Miss Sadie Thompson, 41
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Mitchell camera, 39, 149

Moritz, William, 51-52

Moigno, Abbe, 26

motion parallax, 56-58, 108, 164, 237

Motion Picture Research Council, 120,
152

motion pictures, stereoscopic, 12-13,
28-31, 34-41, 44-46, 49, 51—
52; and stereoscopes, 123-26;
Soviet, 166—~67; 3-D movies, 12—
13, 38-41, 44-46, 51-52

Muller, Johannes, 20

multiple screens, in stereoscopic
television, 294, 297

Munz, 294, 297

Napoleon, 38

Natural Vision, 37, 38-39, 42-44,
120, 149-52, 232, 250, 263

nearness factor, 142-43, 146, 154

near-range equations, 200-202

Newton, Sir Isaac, 20

Nimslo camera, 70

Nizo 561 camera, 12, 248-49, 252

Noaillon, Edmond, 73

nomenclature, table of mathematical,
121

non-Euclidean geometry, 155-60

Nord, 47

Norling, John A., 33, 36, 41-42, 120,
128-30, 131-33, 137, 181, 264,

- 268; transmission system, 128-30

Norling camera, 41-43, 128

notation, mathematical, 271

Now Is the Time, 37, 51

object magnification, 91-92, 171-73
and depth range, 216-19, 225-26
variable, 153-54

Obler, Arch, 39, 149

optical printing, 257

optic nerve, 18, 20, 62

optics, 17-21, 58~62; see also

Helmholz
Optrix process, 50
orthoscopy, 110-11, 131, 134-35,
140; totiorthostereoscopy, 225-26
orthostereoscopy: see orthoscopy

Ovsjannikova, N.A,, 166, 167, 171,

173

Owensby, Earl, 13

Paillard projector lens, 47, 168
panning, 175, 179, 241

panoramagram, 69-70, 71, 72
Panum’s Area, 104-105, 184
paradoxical stereowindow effect, 238—
39
parallactic difference, 130
parallax, motion, 56-58, 108, 164,
237
parallax, screen
and convergence, 95-97, 99, 103
differential, 106-107
equations: see depth-range
relationship
index, 130
invariance, 118, 199
maximum, 100, 190-92
negative, 92, 94
positive, 92, 93
quantity, 103-104
relative, 106
zero, 92, 93, 96, 124, 137
parallax stereogram, 70, 74
parallel-lens-axes system, 128, 132,
133, 135, 137
Paramount Pictures, 41
Parasite, 47
perceptual space, 156-60
perspective
aerial, 56
and camera parameters, 162-63,
224-25
and depth cues, 54, 55
and focal length, 224-25, 230-32
and non-Euclidean space, 156-60
and object magnification, 218-19
and Renaissance painters, 19, 155—
56, 158
and seating, 221-24
and visual field, 65-66
and zoom lens, 164
perspective characteristic, 227-28
photography, 16, 26-27, 66, 233; see
also holography
Plastigram films, 33
polarization, 33-36, 80-83, 86-87
polarized light, and image selection,
33-36, 37, 68, 80-83, 86-87
polarizers, sheet, 33-35, 68, 80, 83—
85, 88
circular, 86-87
H-type, 84-86
orientation, 86
physical properties, 83 -85
polarizing spectacles: see spectacles,
polarizing
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Polaroid Corporation, 84, 86, 88, 147—
48
Polaroid Interocular Calculator, 120,
147-48
Polyak, Stephen, 18, 67
Polyvision, 38
Porta, Baptista, 18, 20, 21
projection
crossed-lens-axes system, 95-97,
102, 128, 132-33, 137-38, 142,
193-94
lenticular, 72
parallel-lens-axes system, 128, 132,
133, 135, 137
synchronization, 253-56
volumetric techniques, 76-77
projection theory (Kepler), 20, 141
projectors
Eumig 807, 12, 248-49, 255
Eumig 824, 12, 248-49, 255, 256
pseudoscopy, 24, 257
Pulfrich phenomenon, 52

Ramsdell camera, 36, 37, 250

raster screen 74, 166, 287

registration symmetry, 185-86

retina, 61, 62

retinal disparity, 59-60, 103-104,
177, 200, 237

retinal image size, 54, 61, 62

retinal rivalry, 18, 51-52, 187, 259

rho {(distance unit), 143-44

RKO, 41

Robe, The, 46

Roses, john A., 279, 284

Ronchi, Vasco, 91

Rosenfeld, Jon, 248

Rottweiler, 13, 47, 51, 151, 231, 244

Rowe, William G., 294, 296

Royal River, 37

Rule, John T., 114, 120, 133-38;
transmission system, 133-38

Savoye, Francois, 74
screening room, 223-24
screen parallax: see parallax, screen
screens
Ektalite, 249
lenticular, 70-71, 72, 287
multiple, 294, 297
projection, 270
raster, 74, 166, 287
screen space, images in, 95, 103, 142;
see also screen parallax

317

Seago, Dave, 13
seating, and stereoscopy, 192, 195-97,
221-24
Sellers, Coleman, 29
Selsyn motors, 128, 253
Sensorama simulator, 9, 10
70mm format, 49-50, 167-69, 260;
depth-range tables, 212-14; see
also Stereo 70 system
Shatskaya, A.N., 168, 176
sheet polarizers, 33-35, 68, 80, 83-87
Sherbinin frame divider, 264
Sherman, Revel A., 78, 79
shutters, 69
Siegel, Mel, 10
single-band systems, 11, 36, 47, 95,
97, 260-69
anamorphic components, 263
and crossed-lens-axes, 95
over-and-under, 265-67
side-by-side, 268-69
vertical division, 260, 263
vertically rotated, 26465
see also double-band systems
singleness horopter, 105, 157
16mm format, depth-range tables,
206-208
65mm film, 168, 169
Slabova, A.E., 167, 171, 173
Smee, Alfred, 123
Smee’s Method, 95, 234, 248, 253
Smith, Harry, 51
Soviet Union, stereocinema in, 49-50,
74, 120, 166-76, 269;
transmission system, 166—-76; see
also Stereo 70 system
Space Vision, 47-48, 244, 265
spectacles, polarizing, 9-10, 31, 35,
45-46, 49, 68, 85-86, 88, 90,
269
Spottiswoode, N.L., 116-18, 119, 120,
139
Spottiswoode, Raymond, 37, 76, 112,
116-18, 119, 120, 132, 139,
140-47, 158, 185, 225, 277;
critique of, 145-47; transmission
system, 140-47
spurious image: see ghosting
Squangle, 253 .
Starks, Michael, 11, 13, 165-66, 180,
296
stereoblindness, 26—-27, 44-45, 78-80
Stereocinematography (lvanov), 166
Stereo Film (Fischinger), 51
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stereoglasses: see spectacles, polarizing
stereogram, 68-69
stereogram, parallax, 70, 74
stereograph, 27
stereography, 35mm, 243-45
Stereomeasure, 14445
stereopairs, 22, 27, 68
stereophoroscope, 28
stereopsis, 16-19, 21, 28, 53, 60-61,
66-67
acuity, 107-10, 126-27
anomalies, 26-27, 44—-45, 78-80,
152
and evolution, 66-67
projection theory, 20, 141
psychology of, 53-58, 60-61
see also depth perception
Stereoptiplexer, 75
Stereo Realist camera, 24
stereoscopes, 16, 21-27, 122-26
lenticular, 24-25, 122
mirror, 23, 122
and motion pictures, 123-26
stereoscopic characteristic, 227 -28
stereoscopic constant, 193, 195-97
stereoscopic difference, 126-27
stereoscopy
anxiety over, 77-78
autostereoscopy, 49, 69-75
depth cues, 53-61
double-band system, 11, 36-37, 46,
52, 95, 97, 186, 187
dual-camera designs, 11, 36, 68,
128, 149, 250-53
esthetics, 141
eyestrain, 12, 42, 44, 51-52, 79-80,
100, 101, 125, 138, 177-78, 187
perception of, 26-27, 44-45, 77—
80, 179-181
single-band system, 11, 36, 47, 95,
97, 260-69
and Soviet Union, 49-50, 74, 120,
166-76, 269
Stereoscopy (Valyus), 166
Stereo 70 system, 49-50, 120, 166-
76, 269; tables for, 174
Stereovision International, 13, 42, 47,
243, 266
stereowindow, 95, 124-25, 132, 134,
276-77; paradoxical effect, 238
39
Stewardesses, The, 49
Stewart, Jim, 13, 296
strabismus, 79

FOUNDATIONS OF THE STEREOSCOPIC CINEMA

strain, visual: see eyestrain
Super 8 format, 108-110; depth-range
tables, 203-205
Super 3-D, 266
Suppes, Patrick, 158
Surenskij, D., 166, 167
Symmes, Daniel L., 47, 266
symmetries, binocular, 27, 177-89
aberration, 182-83
chromatic, 186-87
geometrical, 183 -85
illumination, 181-82
registration, 185-86
temporal, 187-89
synchronization, 44—45, 251-53
film and shutter, 251
projector, 253
see also calibration

tables
depth-range, 203-15
hyperconvergence, 198
Tan, Sing Liong, 289, 291
Target Method, 95-96, 97, 123
Technicolor, 37, 88
Telekinema, 36-37, 140
telephoto lens, 165
telestereoscope, 126
television, stereoscopic, 10, 166, 278—
97
cathode-ray tube, 280, 287, 289,
291
multiple screens, 294, 297
temporal symmetry, 187-89
Tesler, Vladimir, 280-81
textural gradient, 56, 57
theater space, images in, 95, 102, 142,
238-39
Third-Dimension Murder, 33
35mm format, 41-42; depth-range
tables, 209-11; stereography,
243-45
This Is Cinerama, 38
3-D comic books, 8-9
3-D glasses, 9-10; see also spectacles,
polarizing
3-D movies, 9, 12—-13, 38-41, 149;
see also motion pictures,
stereoscopic
Through My Window, 178
toe-in: see convergence
Tolles, H.A., 272
Tondreau camera, 45
toti-orthostereoscopy, 225-26
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transmission systems, 119-48, 149-75
Brewster, 122-23
Helmholz, 126-27
Hill, 152-54
Levonian, 160-61
MacAdam, 161-66
Natural Vision, 149-52
Norling, 128--30
Polaroid, 147-48
Rule, 133-38
Soviet, 16676
Spottiswoode, 140-47
Wheatstone, 122-23

transmittance, 83 -85

Tripp, Maurice, 289

Twentieth Century-Fox, 41, 46

Ultra-Panavision, 159

Uncle Bill and the Dredge Dwellers,
12-13, 178, 257

United Artists system, 50, 198, 277

Universal Pictures, 41, 150

Valyus, N.A., 100-101, 107-108, 166

Vanderhooft, John J., 289, 291, 292

Vectograph, 88-90

vertical division, 260, 261, 263; and
anamorphic components, 263

Vieth-Mueller horopter, 105, 157

viewing distance
and acuity, 109
and depth perception, 111-14
and orthoscopy, 110, 140
View-Master, 24, 25, 126
vignetting, 182, 183
visual field, 63-64, 66
visual pathway, 61-62; see also eye
volumetric projection, 7677
Von Kries, 127

Warner Brothers, 42, 45

Wheatstone, Sir Charles, 16-17, 21—
24, 26, 28, 119, 122-23;
stereopair drawings, 22

White, Bob, 248

wide-angle lens, 165, 230

wide screen, 37, 46, 149, 168

X-rays, 23
You Can Almost Touch It, 39

Zeiss, 33, 39

zero center line (ZCL), 128, 142

zero screen parallax, 92, 93, 96, 124,
133,137, 193

zoom lens, 164, 165, 166

zoom stereography, 165-66, 185,
237-38

Zum Greifen Nah, 39
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ERRATA LIST FOR
“FOUNDATIONS OF THE STEREOSCOPIC CINEMA”

S July 2001

Back flap of dustjacket, last paragraph:

... Lipton has received grants from the National EdueationAsseociation. ..
should be ... Lipton has received grants from the National Endowment for
the Arts...

Page 43, Caption for Illustration 1.23:
... His company, Stereovision International, offers these...

Page 48, Caption:
...A fairly complicated optical design...

Page 87, Figure 2.25:
Top of diagram, on the line labelled “Left” indicating the Lens, the
Polaroid, and the Plate: “Polaroid” should be Polarizer

At the bottom of the diagram, on the diagonal line labelled “Right Eye”:
“Polaroid” should be Polarizer

Page 105, Figure 3.10:
The base of the triangle, midway between the “L” and the “R”, should be

labelled te

In the same Figure, the top “o” should be “a,”

Page 106:

t N pd e pd
Second equation: " —- " should be " —el "ile. Ad=4-4, =—-—

d] d] d'd!

.o

"But d! —d' = Ad" should be "But d! —d' =~ Ad"

Page 107:
"D," should be on the bottom side of the triangle.

Page 111, Paragraph 2, Equation:
Lower the “V” and the “equals” sign so that they are level with the bar
between the numerator and the denominator.
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Page 114:

Mf t
Delete “P=—5° or”
D o D m
. . fc tc
Second last equation: D, should be D,,. i.e. W, =
2D,
. . fc tc
Last equation: D, should be D,. i.e. W2 =—
2D,
Page 115:
First equation: (W;— W,) should be (W,— W))
1 1
e, oW, -w)=rt[L_ L
DO Dm

Similarly for the second paragraph: “...the distance W, - W,” should be
“...the distance W, - W,”

Page 116:

In the second last and last equations: “p” should be “D,,”.

Page 117:

In the Figure 3.15: the top-left-most O should be X.

Page 119, Paragraph 2:

“...the transfer of a scene in the solid spacial world...” should be “...the

transfer of a scene in the solid spatial world...”

Page 123, Paragraph 2:
... with the flexible mirror stereoscopic... should be ...with the flexible

mirror stereoscope....

Page 124, Paragraph 2:
...In the case of a projected stereography... should be ...In the case of

projected stereography...

Page 125, Paragraph 4:

... in terms of A/c breakdown... should be ...in terms of A/C
breakdown...

Page 127, Paragraph 3:

... the distance of plate from the camera lens... should be ...the

distance of the plate from the camera lens...
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Page 128, Paragraph 5:
...crossed-lens and parallax-axes systems...  should be ...crossed-lens
and parallel-axes systems...

Page 129, Paragraph 2, Equation:
Lower the “I”” and the “equals” sign so that they are level with the bar
between the numerator and the denominator of the fraction.

Page 137, Paragraph 5:
T = wed/sf shouldbe T=Wed/sf

Page 142, Paragraph 5:
...then N = O [letter “O”] ... shouldbe ... N=0 [numeral “zero”] ...

Page 143:
Two-thirds the way down the page: “oz,” should be “co subscript z

subscript s
Same again in next paragraph.

Page 145, Paragraph 5, Equation:
Should be ... B=0 [numeral “zero”] ...

Page 146, Last Paragraph, Quotation:
"If the director says that he wishes an actor seated at a table to be
represented at N = 0.5, while another’s hand ... must come out from the

screen three-quarters of the way toward him." [i.e. add "..." between
"hand" and "must" to indicate that it is not a quote of the complete
sentence.]

Page 168, Caption:

... Fhe-Sterco-70-format——HolywoodHidm-industry: - |Dcelete entire
sentence |

Page 170, Paragraph 2, Equations:
In both equations, leave a little more space to the right of the

__

symbol.

In the second equation, close the space to the right of L3 .

Page 171, Last Paragraph, Last Equation:
Close the space to the right of Az .

__9

Leave a little more space to the right of the “=" symbol.

Page 172, First Equation:
Close up space a little around “=" signs.
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Page 173, Paragraph 1, Equation:
Close up space to right of “=" sign.

Page 187:

Second last paragraph regarding temporal asymmetry: “There is no
counterpart in the

perception of the visual world except for the Pulfrich Effect”

Page 188, Chart, Column 1:
COLOR should be CHROMATIC

IMAGE SELECTION add two asterisks IMAGE SELECTION **
And add footnote:

** Although Image Selection is not discussed in the text, it qualifies as a
possible contributor to the asymmetrical nature of left and right fields.

Page 210 and 211:

Transpose tables on Page 210 & 211. (The table labelled “FORMAT
35mm F. =35mm” should come before the table labelled “FORMAT
35mm F,=50mm” )

Page 216, Formula after “Therefore”:

Raise the " o " and the fraction 1/m so that the denominator m is level
with the characters AD, and the character a is level with the bars in
the expressions on either side of it.

1

le. — X —

D m

m

Page 230, Paragraph 3:
... we will call very wide-angle lenses  should be .... we will call wide-
angle lenses

Page 244, Paragraph 7:
"...I came to use the depth-range tables 'D, entry as a near limit" should
be "...I came to use the depth-range tables D, as a near limit."

Page 263, Paragraph 3:

... the Rialto Theater in Berkeley in 1977 is the-enly example of acceptable
stereoscopic projection I have ever seen..... should be ... the Rialto
Theater in Berkeley in 1977 is one of the few examples of acceptable
stereoscopic projection I have seen.....
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Page 263, Figure A.7:
The vertical bars directly to the left of the labels “LEFT” and “RIGHT”
should be removed.

In the Caption, add the sentence at the end: Camera is to the left.

Page 266, Caption:
... This is-the-enly design Harow-of-that can give the necessary... should
be ... This design can give the necessary....

Page 295, Caption:
Keptchel’s should be  Ketchpel’s

Page 302, under Goldsmith, Alfred N.:
Remove third and fifth entries. They are duplicates of two other entries
under his name.

Page 303, under Jones:
“Jones, R. Clark” and “Jones, Robert C.” are the same person. Spell out

name once and list all titles under it, as in other Bibliography entries.

--end--
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