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UNCLASSIFIED
SECURITY CLASSIFICATION OF THIS PAGE(IWlý D.es EnIorod) -

Task factors are described in simple terms and related to both real-world tasks and tasks which e
have evolved in the laboratory to test the real-world components. Arbitrarily designated as
category 1, 2 and 3 tasks, these tasks are differentially loaded on at least 3 dimensions: Visual
complexity, the magnitude of depth plane positioning required by the operator, and the
requirement for scene interpretation by the operator.

In an effort to support the ideas generated by our analysis of visibility, task, and learning
factors, three experiments were conducted.

Using a category I task, experiment I employed highly oracticed subjects to reduce the effects
of learning. Mono and stereo TV performance was measured under three levels of visibility
degradation (simulated by contrast reduction). As predicted, stereo was superior to mono under
all conditions tested. Performance using both mono and stereo displays were both affected by
degraded visibility.

Experiment 2 was conducted with naive subjects using an experimental design which enabled an
assessment of the degree of learning under operator testing conditions. We hypothesized that
the category I task would show significantly less advantage for stereo, but that the effects of
degraded visibility would continue to occur. The results are consistent with our interpretation.

In experiment 3, the more visually complex category 2 task was employed. The design of the
experiment was similar to experiment 2 so that evidence for learning could be assessed under
these different task conditions. Predictions concerning the degree of performance advantage for
stereo vs mono displays were supported. This advantage was observed to increase with decreas-
ing visibility, a finding which is consistent with our earlier predictions.

Conclusions and recommendations for further research aimed at undertanding the relative
contributions of several additional factors which operate to determine vI•ual perception are

r * discussed. \
A final discussion of the need for further research in visual perception ends with recommnenda-
tions for future investigation of the role of several additional factors (motion parallax and
visual-motor space) in perception.
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EXECUTIVE SUMMARY

The following report is a culmination of two years' work. This research was initially
stimulated by the contradiction occurring in the literature that despite the large differences
in performance under binocular and monocular direct-viewed testing conditions. comparable
testing with mono and stereo TV showed little or no advantage for the stereo systems. This

l'erature is briefly summarized, followed by a review of the preliminary research conducted
in our laboratory.

An analysis of the problems involved in performiance assessment with televised
display systems led us to the conclusion that. in addition to the requirement of a well-
organized, optically adequate and precisely calibrated stereo display system. visibility, task,
and learning factors all act in combination to determine operator performance in comparison
tests of TV displ!ay systems.

These thre, factors are described in the following sections.
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INTRODUCTION

BACKGROUND

With the advent of space exploration and the recently intensified work to obtain
undersea resources, there has been a growing interest in the use of unmanned systems for
reconnaissance and for performing work with remotely controlled manipulators. The
increasing variety and sophistication of remotely maimed systems has resulted in a j,
renewed interest in stereoscopic television as a display technology for improving remote tele-
operator performance. This report is directed toward determining the utility of stereo TV for
remotely manned system visual displays, with particular emphasis on specific problems
encountered in the undersea environment.

There is nothing new about stereo imagery, it was once the equivalent of television as
an evening entertainment for the family, and hundreds of thousands of stereograms (a pair of
stereo images) were photographed and circulated before the turn of the century. The modern-
day descendent of the old stereoscope is the View-master device, popular with today's younger
generation. Although stereo viewing equipment and devices such as binoculars are readily
accepted and widely used, stereo movies taken during the 1950's and attempts to obtain stereo
TV have given stereo a bad name with the public at large. Complaints of visual discomfort

vwere, and unfortunately still are, common for users of many stereo viewing systems. But just
as it is possible to produce the engineering precision necessary to make binoculars comforta-
ble and acceptable for prolonged use, it is possible to design and maintain a stereo television
system which provides the benefits of stereo without the previously all-too-common eyestrain.
The main problems with stereo TV systems result from the methods that have been used to
separate the image chi-,nels so that each eye sees only its proper half of the stereo pair. These
methods.variously employing Fresnel lenses, mirrors, prisms, beamsplitters, crossed polarizers,
lenticular screens, flickering shutter glasses, and other such components, may cause optical
degradation or perceptual interference relative to the level of quality available in a conven-
tional monoscopic system. New technology in imaging equipment is currently experiencing
rapid development. In much the same way that pocket calculators and microcomputers
now make it possible to do w"hat was prohibitively expensive and complex in the recent past,
it will soon be possible to employ simple. lightweight solid-state cameras and display moni-
tors which completely eiiminate the usually difficult problems of stereo image matching and
registration.

"is iThe added realism and spatial orientation provided by a properly adjusted stereo TVI • is impres, "re; however, the question of perform~ance advantages relative to non-stereo TV

must be directly addressed: can the operator do as well or almost as well with a conven-
tional mono TV display system? In order to answer this question, we must consider the
problems encountered by the operator in performing various underwater tasks.
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The operator of a remotely manned system typically uses television to position the
platform or vehicle at the work site. He then employs the manipulator to conduct prescribed
tasks such as turning a valve or drilling a hole: tasks whose major requirement is eye-hand-
manipulator coordination. Many mono/stereo comparison studies have been conducted under
excellent visibility conditions using familiar work obje~ts and simple prescribed tasks. The
results of such studies have been used to evaluate the merits of stereo TV displays relative to
mono systems. Yet, remote vehicle operators report that such ideal conditions are seldom en-
countered in day-to-day operations and that such tasks represent only some of the broad
range of perceptual problems that they face. For example, a very important aspect of remote
viewing that is often overlooked is interpretability. Scene interpretation plays a ";-,ry impor-
tant role in approaching the work site and positioning the vehicle. This differs markedly from
the prescribed tasks referred to above. It usually involves no eye-hand-manipulator coordina-
tion, offers little opportunity for learning, and is usually conducted under degraded visibility
conditions with unfamiliar or camouflaged objects. Failure to correctly interpret tire televised
scene during these positioning maneuvers ca '.-ad to slower task perfornanc•.-.•nd errors
which could result in damage to costly equipment or vehicle entanglement. Stereo significant-
ly reduces interpretaion problems.

In this report we will test the hypothesis thv. stereo TV will provide significant
performance advantages for the operator of an undersea, remotely manned vehicle under a
number of conditions. From an analysis of previous research, the following advantages are
suggested, and need to be examined empirically:

1) Reduced search time for locating target objects and work areas.

2) Increased accuracy and reduced time for positioning the vehicle; also, reduced
disturbince of bottom sediment and the subsequent time spent waiting for the
water: *lear.

3) Reduction in time required to perform tasks in which the visual paramet.brs are
the main determiner of performance.

4) Reduced reliance on "contact feedback" which might damage the work object or
p-lace it in an awkward recovery or work position.

5) Increased accuracy of tool positioning and manipulation, with less possibility of
dropping or damaging tools (i.e.. drill breakage, cros&ý threading, jamming, etc.).

These advantages are expected to increase when the task involves (a) degrzAed visi-
bility conditions, (b) unfamiliar or obscure targets, (c) task conditions which require precise
manipulator positioning without "contact" feedback, and (d) single operation tasks where
trial and error is unavailable to provide immediate perceptual-motor learning.

It should not be surprising that stereo will provide these advantages, because the use
of stereo viewing equipment is considered virtually essential for routine ,ise in a variety of
fields which share much in common with the remote control of manipuiators and unmanned
submersibles. Stereo microscopes are widely used for industrial assembly of small components
such as integrated circuits; eye surgery is performed with the aid of stereoscopic operating

2
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all'

microscopes; ophthalmologists routinely use stereo photography to record the contours of
the retina and optic disc, and use stereo slit-lamp equipment to examine the cornea and lens
of the eye; micro-surgery of millimeter-size blood vessels requires stereo viewing equipment;
stereo X-Ray techniques are used to study the circulatory system of the brain; photo-
interpreters use stereo viewing equipment to enhance the detection and recognition of signifi-
cant objects, especially whea interpretability is poor due to camouflage, object complexity,
low contrast, graininess. etc., and as a last and most familiar example, the use of binoculars
as opposed to monocular telescopes shows that stereo viewing equipment can be preferred
and accepted by the vast majority of individuals when properly designed, constructed, and
aligned.

The pessimistic picture which emerges from the literature review in the following sec-

tion will suggest that there is little to be gained from the extra cost and complexity of stereo
TV. We will contend that these negative results are due to the uncontrolled effects of visibility
conditions, learning factors and task characteristics that are not realistically related to the
operational undersea environment, as well as due to the possibility of poor stereo alignment
and registration.

LITERATURE REVIEW

This section will briefly review the limited number of studies in which a comparison
was made between task performance with stereo TV and performance with non-stereo (i.e.,
mono) TV, plus several studies which evaluated stereo TV without comparing it to mono TV.
As background for the effects of video display parameters on visual performance, the excellent
and extensive review by Biberman (1973) covers a host of electro-optical variables such as
resolution, field of view, contrast, granularity, and signal-to-noise ratio. For an excellent
background reference on undersea imaging systems, the handbook by Funk, Bryant. and
Heckman (1972) provides all levels of analysis from system trade-off decisions down to
camera beam current values. However, there is no comparable work on performance, i. e.,
operator utilization of engineering or equipment parameters.

In the first paper to be covered, Chubb (1964) noted an unexpected result in stereo-
mono performance comparison in a previous study by Kama and DuMars (1964). They found
no significant differences in task performance times between mono TV and stereo TV, and in
fact. the performance times with mono TV were faster than with stereo. Reasoning that prob-
lems with the stereo system could be the only explanation for stereo performance which was
poorer than mono, Chubb designed a simple experiment to compare mono and stereo per-
formance with direct viewing in place of the TV system. The test subjects used a through-the-
wall manipulator arm to perform a fairly simple peg-in-hole task while viewing directly with

their unaided eye (mono) ar eyes (stereo) through a hot-cell window (radiation lab shielding..
A simple clinical eyepatch was used to produce the mono condition. In contrast to Kama and
DuMars' televised result, Chubb found that both the mean and variance of performance times
were significantly increased in mono, with average performance time 20 percent more in
mono than in stereo, He concluded that the lower resolution of the stereo TV system used by
Kama and DuMars may have defeated whatever stereo advantages should have been present.
In a number of studies comparing stereo TV with mono TV, the stereo system may have
suffered from poorer resolution and difficulties of image matching and alignment, thus
confounding the desired mono/stereo comparison with misalignment and eyestrain factors.
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The first assessment of stereo TV for underwater application was reported by Pescl
(1967). Using two tasks common to undersea salvage operations, he compared performanct
between a stereo and a mono display. Pesch concluded that the advantages given by a stereo,
display is task dependent, related to the visual environment, and sensitive to practice effects.

Hudson and Culpit (1968) assessed mono-stereo performance in a series of size and
distance judgments. Under the condition of their experiment, no stereo advantage was

observed.

NASA interest in viewing systems was pronounced during the early 1970's, with

many aerospace contractors working on a variety of video problems (Essex Corp., RCA
Astronautics, Martin Marietta, MB-Associates. and Stanford Research Institute). A paper by
Pepper and Cole (1978) reviews this literature in detail. Their summary of the literature indi-

cates that there is no consistent performance advantage using stereo TV compared with mono
TV. They argued that this result is unexpected, based on the logic that binocular visual per-
ception performance must always be as good as, or better than, monocular visual performance.

Pepper, Merritt, Cole. and Smith (1978) reported the results of three studies designed
to compare operator performance in a variety of video display situations. The first two

studies involved perceptual judgment; the third was a perceptual-motor task requiring the
operator to position the end-effector of a manipulator. The results of Study I indicate that
stereo performance is superior to mono performance using either a field sequential or a
Fresn-i stereo display system in a 2-rod depth discrimination task. Study 2 indicates that
stereo thresholds obtained with Julesz random dot stereograms did not differ when employ-
ing a Fresnel or a field sequential stereo display; furthermore, the televised stereo thresholds
did not differ appreciably from those obtained under direct-viewed conditions. In Study 3, a
mono TV system was compared with the field sequential stereo system in a task requiring
perceptual-motor coordination. Subjects were required to position the end-effector of a
direct linkage manipulator directly over a designated attachment loop and grasp the loop

appropriately with the end-effector. Time and error scores were recorded. Results indicate
that the stereo display prcvides a significant advantage in both time to complete the response
and in the errors made in executing the end-effector closure.

In a discussion of the implications of these and other research studies, Pepper and

Cole concluded that performance was a complicated result of at least three factors acting in
combination. These factors are the visual environment, the task itself, and the effects of
operator learning. It seems appropriate to review the substance of those arguments at this
time.

DISPLAY SYSTEM PERFORMANCE FACTORS

VISIBILITY FACTORS

In an undersea environment, the visibility factors which affect performance are the
result of both physical and perceptual influences.

a) The physical effect of particulate matter in the water column results in backscat- '-
tering of light, (i.e., veiling luminance). Additionally, visual noise results from the particulate
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matter, creating a loss in display system resolution. The settling af these particles produces a

camouflage effect which obscures edge and contour details of objects.

b) The perceptual influence of veiling luminance results in a contrast reduction
between an object of interest and the scene background. This in turn affects the visual
discriminability of these objects. Visual noise reduces picture resolution, which in turn will
affect detection, discrimination, and object recognition. The camouflage effects of sediment
and growth make objects imper.-eptible, uninterpretable, or indistinguishable from the scene
background.

VISUAL PERCEPTION IN THREE-DIMENSIONAL SPACE: AN OVERVIEW

In order to more fully appreciate the process by which vis.,al information is trans-
formed into object percepts by the human visual system, the following rather lengthy and
detailed discussion has been developed (Merritt, 1978). It has been prepared especially to fa-
cilitate an understanding of the perceptual cue complexities involved in video display systems,

Y •with particular reference to an underwater environment.

The visual process of object perception may be separated into two distinctly different
components: (1) perception of an object's shape and color/reflectance/surface-texture, and
(2) perception of an object's distance along the line of sight (spatial localization in the third
dimension). The object's shape in the two-dimensional X-Y plane perpendicular to the line
of sight is essentially analogous to its optical projection in the retinal image (a "flat" two-
dimensional surface), and thus the visual perception of shape has not seemed as paradoxical
as the perception of depth or distance along the third-dimensional Z-axis. Since the three-
dimensional array of objects in space is optically collapsed into a !,.vý-dimensional range, it is
difficult to suggest a process which could reconstitute or recover this lost third-dimensional
information; to say that depth, or Z-axis distance, is perceived because of "depth cues" in the
retinal image is somewhat circular, but at present there is an active research effort to answer
these questions (which have been central issues in psychology since the mid-1800's). The on-
going work in machine intelligence and pattern recognition has served to point out that even
simple shape recognition cannot be easily explained, we simply do not know how the human
(or animal) visual system actually processes the retinal image in order to arrive at object-
percepts localized in space in front of the observer. It is beyond the scope of this report to
explore these intriguing problems further, but it is sufficieit to say that visual perception is
somehow inferred from the retinal images on the two eyes (or one eye if that is the case) and
from the adjustments of the muscles that point the eyes and focus the retinal images. For (he
purpose of display system research, then. it is enough to conclude that the ultimate in remote
viewing systems would fully duplicate, in the observer's left and rignt eyes, the retinal images
and the oculomotor adjustments which would exist if the observer were at the actual remote
location using direct viewing. Since our visual perception system cannot go "out beyond" the
retina, any display which provides retinal images identical to those produced in the usu-.! way
by real objects will inevitably cause us to perceive those images as if the objects wc:e r1f -ly
there. The most common case in which this occurs is seeing objects "in" the space behind a
high quality mirror: even though we know there are no objects where they appear to be, the
retinal images are identical to what would be formed by objects seen through a transparent
window ratl tr than "in" a reflective mirror. This somewhat overstated discussion is to
"emphasize the overly simple but very important concept that the objective of any display

:&S



system is to produce some kind of retinal image, and the display engineer is free to accom-
plish this by any means which suits the requirements for image information transfer and
practicality of equipment. This display concept is illustrated in Figure 1.

The ways in which a display system fails to duplicate the full-cue situation (exactly
those retinal images and oculomotor adjustments which would exist in direct viewing at the
work site) can give rise to loss of visual information which is critical to the completion of
some tasks, but which may be of little or no consequence for other tasks. We will repeatedly
emphasize that a certain visual cue such as stereopsis (fiom binocular parallax disparity) may
be very important for some tasks and of little importance for other tasks. This helps to explain

the widely varying results in performance tests comparing stereo TV with conventional non-
stereo TV.

PERCEPTUAL SYSTEM "OJECTS"
OSJECT-PERCETS OUT IN FRONT OF OBSERVER

object
and

object.
viuleye percept

,e (dottedl
light rays are projected IS ~~~~into observer's eye------

similar percepts
similar retinal images

Alltht i ecesrxo ucsflrmt iwn ytm sta

hanyedisplay miplia

obey tlyi aya

TVh light rays

Figure 1. Diagram of Retinal Image Concept in display system design.
All that is necessary 'Or Successful remote viewing systems is that
ultimately the display must create the retinal images which would
exist in the observer's left and right eyes if actually viewing the
object directly, as at the top ,the figure.
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Object Perception as Retinal linage Interpretation

Everyday visual perception appears so veridical and rapid that we routinely assume
that what we seem to see is in fact really there. We only reluctantly, and with great effort,
accept the idea that what we see is rnot really the object itself; instead, what we see is the end
result of a process of visual inference that goes on below the consciou. , vel. In this modern
age of computer "image understanding" systems, it would be appropriate to say that what we
see is the "cutput display in graphic format" of the visual system's non-verbal interpretation
report, showing what is most probably out there causing the current retinal imagery.

From the two small optical images, the perceptual system infers what is likely to be
the cause of the retinal stimulation; these "visual inferences" are then displayed as "perceived
objects in space," localized in front of the observer. The apparent spatial position of these
object percepts represents the non-verbal v.ay in which the perceptutal system indicates its
best guess about object size and distance.

Since it is only these perceptual object-inferences which are "seen," and never the
objects themselves, the way is open for creating a display or simulator system which produces
the appearance of objects when none are actually present. The computer-generated world
produced in the increasingly realistic flight simulators is a good example; there, the perceived
objects do not exist at all, even at a remote location.

The brain, working only with retinal images, has no more direct contact with the
imaged objects than does a photointerpreter working with photographs of places he has
never visited. The inferential process (at an unconscious level) is in many ways analogous to
the process of photointerpretation at a conscious level; even the direction of eye fixations is
analogous-when the lower-resolution peripheral retina detects something which warrants a
better look. the oculomotor system orders a high-resolution photo coverage by pointing the
fine-grained central retina to image the object. The inferential nature of the visual perception
process is clearly visible in the phenomenon of "subjective" contours; in Figure 2, an interven-
ing obscuring surface is inferred as the best reason for interruption of a most likely simple
square object and a set of four probable full discs. For some reason, these inferred obscuring

i [jFigure 2. Subjective contours clearly show the inferential nature

of visual perception. Note that the inference of a simpler, more
probable, geometric shape requires the corollary inference of an
"invisible" obscuring shape which is, interestingly, "whiter than

______ 0 J white" in appearance. In a sense, all contours of perceived objects

_____are "subjective" but aic usually coincident with physical demar-
cations of luminance or hue.
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surfaces appear to be "whiter than white" (Hennessy. 1975) because the visual system has no
other way to differentiate the inferred object from tile white background. It is difficult to say
why all visually perceived contours are not equally "subjective." These subjective contours
are admittedly different from the usual case in which the edge of an objectimage is demar-
cated by a change in luminance or some other physically measurable attribute. (Here, and for
the remainder of this report, it should be kept in mind that many of these perceptual issues
represent long-standing research questions; the simple characterization offered here is for the
practical purpose of discussing problems in visual display of remotely manned manipulator
operations. The vision research literature is teeming with alternative hypotheses regarding
many aspects of visual perception.)

The process of object perception is a paradoxical one, as is admirably explained by
Gregory (1966, 1970). As noted previously, due to the two-dimensional nature of the retinal
image the three-dimensional information of objects-in-space is lost. This spatial information
has to be reconstituted somehow by inference (not conscious inference, of course). This is
paradoxical because a two-dimensional point on the retina represents a direction along a line

of sight, but does not dir-ctly encode the distance along that line of sight. A set of shapes in
the retinal image could result from an infinite number of real three-dimensional objects;
somehow the visual system is able to tell which probable object is most likely, and choose
that alternative for display. The visual system has to choose, on the basis of incomplete
evidence, one of the possible objects which could have produced the retinal image. Since
there is no algorithm we know of which can do this, the choice is based in some way on what
is most likely to be found in the world of familiar things. This choice, or tendency to choose
what is most probable, is seen in Figure 3. where although the only objects present are arrays

Solid cube appearance in a
pattern difficult to see flat The pattern at left consists

simply of three flat diamond
shapes, shown here.

The lines below are the wire-frame
version of the solid cube above, but
in this form the pattern is easily
seen as a flat hexagon with diagonals. The typical form of the necker cube
Unlike the necker cube showr. at the is shown below. Most observers find
right it does not alternate if it is not it not easy to see this as a flat hexagonal
interpreted as a solid cube. pattern, but petrsist in seeing it alternate

between the two equally valid 3-0 cube
orientations it could have been derived from.

Figure 3. The inferential process of perception w•hereby the two-
dimensional (flat) set of three diamond shapes in the upper right

are almost involuntarily seen as a three-dimensional cube when
arranged so as to produce a cube's retinal image, upper left. The
job of the visual system could be characterized as making the best "
guess about what set of three-dimensional objects could be "out
there" producing the current retinal images.
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of black lines on the two-dimensional surface of the page, there is an involuntary and stub-
born tendency to see a three-dimensional cube in upper left and lower right. In the lower
right, the familiar phenomenon of alternating object-percepts is seen, where either of two (or
more) objects could cause the retinal image. (Interestingly, the third interpretation as a flat
pattern of rectangles, parallelograms, and triangles is hardly ever noticed.) Apparently, the
solid cube is the more likely object to be expected in everyday experience.

The perceptual task of separating objects from their backgrounds (figure/ground
problem) is easier when binocular parallax (stereo disparity) is available and the observer is
not restricted to viewing a flat image of the scene. This provides the visual system with un-
ambiguous primary depth cues which separate and delineate objects even before they are
recognized by two-dimensional shape. (The ingenious random-dot stereograms presented by
Julesz in 1971 illustrate this point.)

Without binocular parallax or motion parallax to help separate the jumbled 2-D
S~object-images on the retina, the visual system seems faced with the circular paradox of having

to first identify an object in order to pick it out from the background, but on the other hand
having to pick it out in order to identify it by shape. Although the visual system does this
routinely, no one has offered a satisfactory account of how it occurs. Figure 4 illustrates this
fundamental problem in perception: the image is a flat pattern of light and dark, but it is also
the 2-D projection of a familiar 3-D object. For most observers seeing this without prior
knowledge or exposure, the retinal image goes uninterpreted, and the 2-D raw data on the
retina is all that is perceived. It is as if the visual system accepts the 2-D raw data when it is
unable to find a reasonable 3-D projection. This photograph is remarkable in that it slows
down the process of perception so that we observe the process which usually occurs imme-
diately. For most observers, the object percept of a white-faced calf with black ears forms
suddenly upon hearing what hypothesis would give a good fit to the retinal facts. The figure
also illustrates the phenomenal power of image memory when the reader views this photo-
graph months or even years later and still sees the calf immediately. The calf, once seen.
cannot be unseen, even when image quality is degraded still further; this image-memory
capability is one of the factors which make proper performance evaluation of display systems
subject to order effects.

Figure 4. Non-stereo imagery which illustrates the •- .. -
•nferential process of visual perception. The visual 9 • .- .

system must make a best guess about the objects
which could have caused this retinal image. Study .•
the image first, then look again and see the white-
faced calf with two black ears, looking straight at -
you. If this were displayed in stereo, there would ° -
be no such delay in perception.
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It is important to note that there would have been no delay in perceiving the calf
if stereoscopic photography had been used. Just as with a random-dot stereogram, the camou-
flaged image would stand out immediately without first having to be seen as a monocular
contour. This consideration leads to the experimental hypothesis that stereo TV shows the
greatest advantage over mono TV in those conditions where visibility and display factors i
degrade or eliminate the usual monocular cues to shape and distance. Thus, stereo also pro-
vides an interpretive function which is distinct from depth information given by retinal
disparity.

Classical Cue Theory

In t' . section. we will consider the stimulus conditions which give rise to depth per-
ception for the purpose of comparing various viewing systems with the full-cue situation
inherent in direct viewing.

The reader with a background in vsual perception may wish to skip this simplified,
classical cue exposition and continue with task and learning factors involved in display research. 411< It is presented here to anticipate misunderstandings which may occur in subsequent discussionof our research findings.

Traditionally, the cues to space or depth (distance along the line of sight) perception
have been segregated into two kinds: those that require use of two eyes and those that require
only one eye. These binocular and monocular cues call further be characterized as optical
image cues or eye-muscle feedback cues. The binocular/monocular cues to depth are shown in
Table 1.

Table I. Visual Cues to Depth.

Binocular * Convergence
9 Binocular Retinal Parallax

Monocular 9 Accommodation
* Motion Parallax 'N

* Perspective
* Size of Familiar Objects 4
* Light and Shadow
* Interposition
* Haziness of Distant Objects

There are several excellent accounts of classical cues to depth perception wvhich will
supplement the limited scope of this discussion. Among those which can be highly recom-
mended are Graham (1965), Hochberg (1971), Forgus (1966), Ogle (1962), and Gregory
(1966). One paper discusses cues to depth in the context of designing 3-D displays for various
purposes (Vlahos, 1965). This is an excellent article regarding depth perception, and he makes
the seldom-appreciated point that a 3-D display does not necessarily imply one based on bino-
cular parallax: if the non-binocular cues to depth are strong enough, a robust 3-D percept will
be created with "monocular" cues.
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In the discussion of cues which follows, tile point should be made that depth percep-
tion is th.e result of the complex iniraction among the whole constellation of cues present in
any given situation, and that it is not reasonable to predict the perceptual resultant by an ana-
lytic additive approach. It is not sufficient to specify the factors in terms of their isolated
eft,.cts; instead, the empirical approach of trying the cues in various combinations, using the
aciual viewing situation, should be explored.

Cues to perception are necessary, but not always sufficient, for the occurrence of a
visual percept. The word "cue" itself suggests the nature of the way visual cue content is used
by the visual system: the cue must be there for a percept to occur, but the visual system may
"miss the cue," so to speak, and the cue is not relevant. These points could be summa-
rized as (I) cue threshold (minimum level required), (2) cue effectiveness (in a given multiple
cue situation), and (3) cue relevance (to a given type of visual task)

The depth cues listed in Table 1 will be described briefly in the following paragraphs.

Convergence. Convergence is the amount of inward eye rotation which results in the
interaction of the lines of sight. The degree of inward rotation provides a crude sense of
absolute distance (neqr/far). and a relative sense of distance (between objects).This cue
probably originates in sensing the neural commands given to the eye muscles (rather than
coming from feedback sensors for eye position after the muscles act). Convergence is impor-
tant for scaling the amount of depth which is created from a given amount of retinal dis-
parity. This disparity-scaling mechanism must be considered when attempting to make a
stero display which appears linear in X, Y, and Z axes. This depth-constance system is appa-
rently designed to compensate for the fact that retinal disparity falls off with the square of
the distance, while linear size falls off directly with the distance, creating a Z to X-Y mis-
match without the disparity scaling from convergence feedback. Convergence is one of the
so-called primary cues to depth, inasmuch as it does not depend on interpretation of the
image content.

Binocular Retinal Parallax. This cue is the one most often considered as the primary
stimulus giving rise to a true space perception. The visual system is exquisitely sensitive to
very small amounts of difference between the two eyes' retinal images; the stereo disparity
thresholds measured in laboratory work have been as small as 10 seconds of arc, similar to the
thresholds for vernier acuity. The degree of sensitivity suggests that stereo must have been
very important at one point in man's development, even though in the geometrically predicta-
ble city environment, a one-eyed man can do very well. Stereo vision is almost essential for
walking quickly through uneven ground in the woods, or for jumping from rock to rock

down a mountain trail. To some extent, motion parallax can help, but for slower moving
vehicles underwater, stereo provides disparity even when not moving.

Accommodation. Accommodation is the change in shape of the lens enabling it to
focus a sharp image on the retina. It can be shown that the act of' focusing can alter the
perceived distance and size of an object-percept, even though focusing has little or no effect
on the optical size of an image on the retina (if kept sharp by an artificial pupil). Although
this, too, is a primary cue, it is relatively weak and limited to relatively close-in distances.
There is an automatic link between accommodation and convergence, so that the eyes tend to
focus at the distance where lines of sight are converged, and vice-versa. The accommodation
and convergence cues are what could be called "anti-cues" (Vlahos 1965) when viewing a flat
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2-D display, since they, along with binocular disparity, tend to suggest that there is only a
flat picture-pattern rather than solid objects in space. This lack of change in focus and chang-
ing convergence can be anti-cues to realism and harmony among the other cues.

Motion Parallax. Motion parallax refers to the perception of object movement result-
ing from the observer translating his head. The magnitude and direction of movement is
determined by the distance of the object from the fixation point. Thus. motion parallax is
another primary cue available when the camera position can be translated laterally (rather
than just panned from the same point). A sensor mounted on a moving vehicle has available a
robust cue to distance in the velocity vectors present in the near and far field. No remote
viewing systems utilize translation movement of the camera, and thus this powerful primary
cue to depth is unrealized.

Perspective. The laws of geometric optics describe how image size is proportional to
object distance. This results in development of distance cues from the dcreasing size of simi-
lar objects, the linear-perspective convergence of roads and railroad tracks in the distance, the
increasing density of texture gradients, the loss of resolution with distance, and the increasing
height on the picture plane for farther objects.

Size of Familiar Obiect•. Given a familiar object of known objective size, the distance
to it can be estimated by the size of its image on the retina (in terms of visual angle). This cue
can have a powerful effect, given the presence of known-sized objects (such as a telephone
pole or a familiar person). This requires image interpretation, so it would be classed as a
secondary or derived cue.

.jght and Shadow. A light source casting shadows from a direction other than along
the camera line of sight provides a projection onto the level surface next to the object. In
addition, lights can give a sense of solidity to objects by proper shadow modeling and shading
on the object itself. Shadow cues are especially helpful to remote manipulator operators for
determining when the arm is about to contact the bottom or some target object near the
bottom.

Lnterposition. This cue is a very important one for determining relative depth in rank
order (not in absolute or continuous-relative ways). If object A obscures object B, then A is
closer than B, and so on. Complex arrays of objects can be rank-ordered in depth provided
there is enough contrast between object reflectances to determine which is in front.

Haziness of Distant Obiects. This primary cue is, like the texture gradient, somewhat
independent of image interpretation. As distance increases, more and more air mass or
water volume intervenes between camera and target, thus adding more veiling scattered light
to the image, washing out contrast as a function of distance. It is easy to see that adding the
same veiling light to both sides of the contrast ratio will dramatically reduce contrast: a 10:1
contrast ratio becomes 10+20:1+290, or 30:21, a poorer contrast by far, but nevertheless a
good cue, especially underwater, where contrast f'alls off rapidly within short distances.

One of the main objectives of this report is directed toward comparing and contrast-
ing performance on different tasks either with stereo TV or with conventional non-stereo TV.
It is obvious that in a full-cue viewing situation, where there is a rich and redundant set of
cues indicating object distances and identities, it would be possible to take away several
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redundant cues without losing good depth perception. Those tasks which inherently have
strong nonbinocular cues to depth may he performed almost as quickly without stereo as
with it. Other tasks are virtually impossible without stereo, due to a lacK of adequate depth
and distance information. The following paragraphs describe additional ways that depth in-
formation can be used by remote underwater manipulator operators.

Line of S•igt. Although this is not a depth cue, there is a technique developed by
remote manipulator operators for working without a good sense of object distance. By super-
imposing the manipulator jaws (or end effector of any type) on the desired object while view-
ing the TV screen the operator simply keeps moving the manipulator along that line of sight
until it contacts the object. This technique comes into play very often when working in
non-stereo TV situations, and is one of the factors which makes for little mono-stereo per-
formance differences in some types of tasks. Stereo permits approach to a target from direc-
tions other than along the line of sight. This is important when (I) travel along the line of
sight is blocked by an obstruction or hazard, or (2) when the manipulator would block
continuous visual contact with the desired object.

GrayScale and Interosition Cues. Interposition cues may be severely degraded or
absent in high-contrast imaging situations where a number of targets exceed the dynamic
range of the TV system so as to appear all black or all white, thus giving no indication where
they overlap. Similarly, when contrast is reduced by underwater visibility conditions, tonal
shades of gray may be lost at the intersections between objects. Under such conditions, how-
ever, stereo (binocular disparity) would continue to provide sensitive and precise depth infor-
mation after mono cues have been lost.

Resolution and Mono Cues. Certain mono cues to depth require significantly more
resolution than do the stereo cues. Thus, a lower resolution stereo system which permits a
wider field of vision can often deliver performance equal to a higher resolution mono system.
This wider field of view could then in turn make certain types of tasks easier (e.g., keeping a
sense of orientation to the sea floor and the work objects). Of course, there are some tasks
for which high resolution is essential, with or without stereo, but in a majority of task situa-
tions, stereo can provide the same spatial response with less resolution than mono.

Mono-Stereo Cue Conflict. The relative strength of mono cues to shape and contour,
even when pitted against good anti-cue information from stereo disparity, can be seen in
Figure 5. Despite the sensitivity of stereo acuity which indicates a flat surface, the probability

Figure 5. Patterns with strong non-ste'eo depth cues
can overcome the anti-cue of stereo, which shows that
the photograph is really flat on the page. The reader
may see the effect as if the wavy portion is actually
warped and curved.
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of a curved surface, given the wavy lines, overrides the cues to flatness. For some viewers, the
curvature cue is so strong that there is the suspicion that the paper has actually warped at the n
apparent ripple surface, and they can feel the seaisory discrepancy by passing a fingertip over
th'• figure".i

Another familiar case in which the usually dominant cues from binocular disparity
are defeated is illustrated by Gregory (1970), who shows that a human face presented in
reversed stereo depth will not really look like the inside of a mask. Gregory notes, also, that

the Necker cube (drawn in Figure 3) will still alternate in orientation when made into a wire-
frame model (coated with phosphorescent paint so it will glow in the (lark) and held in the
hand of the observer. The completely unambiguous tactile information about the wire-cube's
orientation is not enough to keep it from reversing!

The point of the previous discussion has been to show that binocular stereopsis is not

the only true and powerful cue to depth; the ways in which it can be overcome by other cues
and knowledge of the target point out the complexity of interaction among various cues.

The complex nature of the perceptual process of identification and localization make
it difficult to reach definitive conclusions regarding the separate influence of a particular
visual cue in the total interaction. At a different level of analysis, the relative contribution of
the final perceptua! process will be interwoven with the characteristics of those tasks which
the operator is called upon to perform. We turn now to these task issues.

TASK FACTORS

tPrevious analysis of task factors led us to conclude that for the practical considerations
of our research, most applied undersea manipulator tasks could be classified into three general
categories based on similarities of their major perceptual-motor constituents.

Category I Tasks

(a) real world examples: drilling, tapping, threading, stacking, coupling,
connecting.

(b) common components: alignment in the X (horizontal) and Y (vertical),
little Z dimension positioning, frequent rotational movement.

(c) laboratory task: Peg-in-hole task as described by Hill and modified in our
laboratory (Pepper and Cole, 1978).

Category 2 Tasks

(a) real world examples: line feeding, simple grabber attachment, sample
recovery.

(b) common components: careful alignment in the X, Y and Z dimensions is
required but the potential conflict with interposed elements between the
object of interest and the camera system is reduced. Rich, visual scene
with many conflicting objects.

14
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(c) laboratory task: A messenger-line-feeding (MLF) task has been developed
and tested. It is an elaboration of the end-effector positioning task em-
ployed by Pepper et al. (1978).

Category 3 Tasks

(a) real world examples: cable cutting, hooking and clamp attachments,
flight recorder recovery.

(b) common components: precise alignment in the X and Y dimensions.
greater need of positioning end-effector on the Z dimension, complex
visual scene characterized by high degree of similar visual elements
leading to confusion and interference from elements interposed between
the object of interest and the camera system. Highly complex and ambi-
guous scene, with interpretation and recognition of objects required.

(c) No laboratory task yet developed, although complicated scenes and
simulated flight recovery scenarios have been demonstrated.

LEARNING FACTORS

There are few situations when learning does not occur. Experiments which show
k learning effec s (when the primary concern is to evaluate performance effects) are the rule,

rather than the exception. Learning occurs in both simple and complex tasks. The more
complicated the task situation, the greater will be the learning effect. Also, the more com-
plicated the task, the more complicated will be the analysis necessary to understand the rela-
tions between the learning effects and the contribution of task and visibility factors.

Learning is a pervasive phenomenon which occurs under both the real world condi-
tions encountered by remote vehicle operators, as well as under laboratory conditions devel-
oped to test various components of these systems, including TV displays. In the underwater
world, many tasks require repetition or successive approximation simply because "trial and
error" may be the final, irreducible strategy available to the operator. While trial and error
learning may I an essential part of the operator's strategy, one m-st recognize that it can be
extremely costly either in operating time, or in increasingly risky or unsafe operating condi-
tions. Any characteristic of a remotely operated system which speeds up learning, including
enhancement of the information available to the operator through the image display system
and proprioceptive feedback from the manipulator, will almost certainly result in a reduction
in operating time, operating costs, and exposure to potentia!ly hazardous situations.

While learning is important in the real world, it is in the laboratory that even greater
• [concern for this phenomenon is required. This concern is necessitated by the frequent use of

repeated trial designs which can quite easily confound learning with the effects of other
independt;nt variables. For example. Uhrich and Fugitt (1978), in testing two types ofJ•- manipulator control and thre viewing conditions, ran all subjects under all conditions ard in

( -the same order, yet they make no mention of possible learning effects in their interpretation.

Many of the researchers who attempt to account for the phenomena of learning treat
it as a variable whose effects should be eliminated rather than studied for their practical and
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theoretical consequences. Pesch (1967). for example, reports a mono-stereo difference that
"washed out" on the second day's testing. implying that it was an unstable phenomenon of
minor significance. In fact, the savings attributed to stereo might be very worthwhile, espe-
cially when we consider the improbability that a remott undersea vehicle operator performing
a real life task would have two days of practice under precisely the same task and visibility
conditions.

Another point to be made about learning phenomena has to do with their logical deri-
vation from performance measures. As was mentioned before, reneated trial designs are often
used in order to increase reliability of performance measures. It is important to note that the
effects on performance that carry over from one trial to the next (called order effects) are the
result of a complex interaction of a number of variables in addition to learning, including mo-
tivation. forgetting, and fatigue. Thus. performance levels can easily be misinterpreted. A case
in point occurs when no improvement in performance occurs across a series of trials and is
interpreted as an evidence of no learning effeci. It is quite possible, especially in the case of
manipulator tasks that require a good deal of physical force and movement, that increments
in performance due to learning are cancelled out by the decremental effects of fatigue. A
pilot study we conducted in developing our messenger-line-feeding task has bearing on this
issue. A naive subject was given 30 trials a day, half mono and half stereo, for 10 days. For
analysis of order effects within sessions, the fifteen trials for each viewing condition were
divided into first five, second five, and third five trials. Results showed no improvement in
performance within sessions for either mono or stereo viewing. A marked reduction in time
scores did occur between sessions, however, as can be seen for the five sessions plotted in
Figure 6. This result suggests that the subject was learning during a session but its effect on
performance was counterbalanced by the decremental effects of fatigue. The obvious point
here is that appropriate control conditions must be inciuded in the design of an experiment in
order to ensure clear interpretation of learning effects.
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Figure 6. Learning effects of repeated testing on a manipulator
positioning task.
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A question that has important implications for the interpretation of learning effectsI is, "What does the operator learn?" For the completely naive subject on first entering the

laboratory, there are a myriad of details to learn, including instructions, familiarity with tl-e
manipulator, task board, visual display, and procedures. Such learning-to-learn factors are pre-
sent in all manipulator experiments and are usually accommodated by practice trials and
coaching in the initial session and warm-up trials in the following testing sessions. However,
despite these accommodations, considerable improvement in perfc -mance often occurs I-eyond
the learning-to-learn stage. as is illustrated by our pilot subject's continued improvement in
performance over many sessions.

At least two different types of learning would appear to determine performance on
remote manipulator tasks: visual perceptual learning and motor learning. While these are not
unrelated. it is likely that they are differentially affected by other performance variables,
such as instructions, practice, fatigue, etc. An extensive analysis of the visual perceptual cues
is contained in an earlier portion of this paper. It is sufficient to point out here that the visual
scene may vary in complexity all the way from direct views of a simple, highly structured,
totally familiar task board and manipulator arm to a barely discernible, complex TV display
of an urfamiliar scene. The identification of critical features (form, shape, texture, etc.) of
the task board and the location of objects in space constitute the two major components of
the verceptual learning task. The rate at which these are learned will depend on the strength
of the visual cues present. either in the scene itself, in the case of direct view, or on the moni-
tor display, in the case of televised images. This state of affairs has some important implica-
tions for the choice of control conditions employed in studies designed to test the effects of
variables on the rate at which visual, as opposed to motor, learning occurs. These will be dis-
cussed in a later section of this report.

The complexity of the motor learning requirements may also vary widely. The simple
finger movements required by the switch closure apparatus employed by Uhrich and Fugitt
(1978) and the restricted hand movements required by their joy stick manipulator represent
relatively simple motor learning tasks. On the other hand, the directly linked, remote arm
employed by Pepper et al. (1978) requires large coordinated movements of the upper body
and arm. complex shoulder, elbow and wrist maneuvers, and hand closures. On the other
hand, Pepper's manipulator provides force feedback on contact with objects, as well as
arm-hand-body position cues that can be associated with the visual view of the remote arm
relative to c,'tical task board features. Thus, there is a rich assortment of motor cues available
to aid perceptual motor learning with some manipulators. These cues may be greatly reduced
or totally lacking in other experimental settings, which use other types of manipulators and
controllers.

A number of conclusions and implications have resulted from our consideration of
the role of learning factors in remote undersea manipulator problems.

i. Learning paradigms require proper control conditions in order that performance
changes can be attributed to learning factors rather than other order effects.

2. Related but different kinds of learning may take place depending on task condi-

tions, visibility conditions and the subject's experience.



Learning is nearly always present in both real world and laboratory situations. In inter-
actions with task and visibility factors, it adds greatly to the problems of interpretation and
generalization of res,-arch results. It is imperative, therefore, that we study learning effects
with the same inteasity and care given for other factors, rather than simply "control it out"
of our research designs.

TESTING CONDITIONS

Before discussing the labor.tory experiments a brief description of the manipulator,
method of achieving reduced visibility, and type cf stereo presentation is in order.

Manipulator

In all tests a standard Model G master-slave manipulator, built by Central Research
Laboratories, was used. This direct linkage manipulator was designed to reproduce the natural
movements and forces of the human hand at a remote location, i.e., an adjacent room or work
iocation. The operator usually observes the end effector on the slave arm of the manipulator
through a protective window, periscope, or as in our experiments, a television monitor. Except
for slight amounts of deflection and the resulting lost motion, the manipulator end effector
moves exactly as the operator moves the manipulator ,:andle, no matter how complex the task
motion may be, so long as it is within the dimensional limits of the manipulator. The forces
at the end effector are equal to those applied by the operator at the handle, except for very
slight amounts of friction and inbalance. This manipulator was chosen for our laboratory work
because it is representative of the type of force feedback manipulators that will be available for
undersea work systems in the future.

Visibility Simulation

As stated earlier, the main contributor to reduced underwater visibility is the back-
scatter of light from particulate matter suspended in the water column. In coastal waters the
particulatL matter is always present, while deep ocean water is clear and reduced visibility
results when bottom sediment is stirred up by the undersea vehicle or work system.

In order to investigate operator performance under different levels of visibility, a proce-
dure was developed to simulate backscatter (veiling luminance) in the laboratory. This proce-
dure enabled the experimenter to present various levels of visibility to the operator during trial
sequences.

The properties of closed-circuit TV systems make the problem of specifying visibility
different from the usual optical measurement paradigm. The TV operator c::: compensate for a
low contrast image at the camera faceplate by adjusting gamma or gain in the camera, or by
adjusting the brightness and contrast at the monitor. This permits expansion of a light gray and
dark gray into full black and white with a contrast transfer better than 100 percent at the
monitor screen. There is a limit to this type of contrast enhancement, however, and when a
given camera/monitor system has reached its limit, a gray and washed-out image may be the best
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an 3perator has to work with. The various combinations of TV, monitor, lighting and water
"properties will result in a different quality of TV image presented to the operator, and thus a
give., screen image quality cannot be linked to a particular water property, i.e., a, attenuation
or scattering coefficient. What is important in the final analysis is the image delivered to the
operaor. It is this image which was experimentaily varied.

The image on the TV monitor was measured in: terms of the luminance (0) of the imaged
reproduction of a known target placed in front of the cameras. Specifications for setting up the
proper brightness and contrast on the TV nmonitor insured that all subjects receive the same
visual input for each of the conditions.

The most appropriate way to relate levels of visibility used in our research to underwater
optics is through the method of modulation transfer function (MTF, analysis. We assume
the MTF of any remote TV viewing system is equivalent to that used in our laboratory. When a
remote system in the real world encounters water conditions which interact with its imaging
system to produce a particular quality of image on the monitor, then operator performance can
be predicted by the MTF of the monitor image. See Funk, Bryant and Heckman (1972) for an
appri- "iation of the factors affecting the monitor characteristics. Backscatter is the primary
degiading factor in most remote system operations in the underwater environment, and is even
more exaggerated in those systemn that use their own illumina:ion sources. It is fairly easy to
simulate and measure backscatter, since the MTF of veiling luminance is simply a straight line
showing equal contrast reduction for all spaLial frequencies, regardless of the fineness of detail
or the size of a dark area. Mertens (1970) provides an excellent and extensive treatment of the
various component MTi- b w!.'ch cascade to produce the final overall system MTF in the under-
water imaging situation. Since backscatter causes a veiling luminance which reduces contrast of
both large and small details equally, it was controlled by means of the camera/monitor con-
trols for brightness and contrast.

In order to present three different levels of visibility to the operator, a switching box
was added to a Conrac QQA-I 7 black and white TV monitor. This modification enabled the
contrast and brightness controls of the monitor to be paralleled by two other brightness and
contrast controls. During alignment and calibration each of the three sets of controls were

+ adjusted by the experimenter for different contrast ratios (visibility levels). In switch position
one, the lighting, cameras and monitor were adjusted for the best overall presentation of the

manipulator area. When this was determined, a test pattern with a white, gray a'nd b.ack area
was placed i-, front of the cameras and the contrast ratio was determined using a Textronix
Model J6523 Luminance meter. This became the baseline data for all further calibration tests. -
Positions two and three of the switch were adjusted for the moderate and severe visibility levels
by adjusting the appropriate brightness and contrast controls to achieve the desired visibility. In
these two positions the contrast was reduced while holding the brightness (luminance) level of
the white calibration square at a constant 35 ft. lamberts. In this way the relative brightness of
the display was held constant across viewing conditions. Once t'iest controls were preset to
achieve the desired viewing condition they were not changed. The cameras and lighting were
cheked both prior to and after testing to insure that the correct ratios were maintained.
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The modulation contrast for the three visibility conditions was found by inserting the
monitor screen luminance levels (0) into the following formula.

Modulation Contrast (Percent) = x 100
0max + 0min

Visibility Condition Modulation Contrast (Percent)

Clear 35- x 100 = 94%
35+ I

Moderate 35 - 23 x 100 =21%

Severe 325-31 x 100 = 6%
35+31

Stereo Presentation

Perception of three-dimensional space occurs when the observer's left and right eyes
are allowed to see the separate perspective views of an object. There are many techniques avail-
able today which allow the TV viewer to merge these two scenes into a single percept of 3-D
space, i.e., refracting or reflecting stereoscopes, electronic or mechanical shutters and color or

polarized filters used in conjunction with a half silvered mirror.

In tele early 1970's a joint effort between Honeywell and the Naval Undersea Center
resulted in the development of the PLZT (lead lanthanum zirconate titanate) stereoscopic
viewer. This viewer utilizes the clectro-optic shutter effect of the PLZT ceramic and, as with all
shutter-type : tereoscopic devices, it operates on the principles of alternately blocking and un-
blocking the perspective view for each eye of the observed object. "For example, when used I
with 2:1 interlace CRT displays, the pair of PLZT stereoscopic viewer lenses functions as elec-
tronic shutters that are 180 degrees out of phase with 50-percent duty cycles. For each frame,
the perspective view for one eye is seen during the first field scan, while the other ey,,'z view is
blocked. This process is reversed for the second field scan to aLcommodate the perspective view
for the other eye. Repetition of this sequence at normal tclevision fraine rates causes the ob-
server to merge the time-sequenced perspective views for both eyes into a si.ngle image 'ith a
well defined depth of field." Roese and Khalafalla (1975)

LABORATORY EXPERIMENTS

In the following section, we turn to a series of laboratory experiments conducted to
assess operator performance in a variety of TV-displayed task and visibility conditions. In all
experiments, the major interest wvas in comparing performance using mono and stereo TV.

The first two experiments employed a category I task (Peg-in-hole). In addition to
display and visibility parameters, we were interested in assessing differences in learning asso-

ciated with instructional set, previous skill, and practice effects.
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The third experiment employed a category 2 task (MLF) in a comparable experimen-
tal design a used for experiment 2, so that perceptual task and learning factors might be
meaningfully evaluated.

A fourth experiment was neither designed nor conducted but logically follows from
our discussions of visibility, task and learning factors. This experiment would be one designed
to assess scene interpretation, possibly extracting or identifying an object from a highly un-
structured, ambiguous and complex visual scene. The cow picture presented earlier is an exam-
pie of scene interpretation. It is obvious at this point that designing such an experiment would
challenge the best research minds involved in perception issues.

Peg-Task Exper:,nents

The peg-task was chosen to represent that type of remote operator task which has
abundant and relevant monocular cues in order to provide for both the recognition of objects,and their location in space. Other tasks in this category include drilling, tapping, threading,

coupling, connecting, etc. They have in common the requirement for sensing the orientation
of two pieces so that they can be properly aligned prior to engagement (which may include
holding an alignment while imparting a rotation to the object).

The test operator's task in both studies was to position the manipulator arm to pick
up one of the pegs from the starting block at the right front of the taskboard, grasp the peg
firmly with the aid of flat sides cut into the peg, move the peg to one of the receiving blocks
and insert it, then return to pick up the second peg and place it in the hole in the second
block. Jn the first experiment, only time was scored, while in the second experiment, time
and errors were both measured.

Experiment 1: Practiced Subjects. In experiment one (time-only), subjects were told
to perform the peg-task as rapidly as possible, without regard to errors of mis-reach or mis-
alignment.

In this first study, we attempted to reduce visual and motor learning and learning-to-
learn effects to an absolute minimum. Subjects were given extensive training using direct and
TV views of the taskboard. and included detailed coaching and verbal rewards for rapid perfor-
mance. Thus, subjects were near their peak performance levels under ideal conditions when the
study was begun. All subjects were run under all conditions in order to utilize the high reliabili-
ty obtained in repeated design studies. The order of visibility conditions was from clear to
moderate to severe to ensure that if any visual learning effects were still operative, they would
accumulate over trials to the advantage of the moderate and severe visibility conditions. The
highly structured taskboard provided vivid mono cues to form, texture, and location in depth.

The peg taskboard for both experiments is shown in Figure 7, with the manipulatorextracting the second peg from the starting block. In order to ensure that the task would be
visually guided on each two-peg trial, the taskboard was constructed so that it could be set to
any of six positions at I15-degree increments of rotation, and to any of five elevations from
flat to vertical.

"The combined effects of six rotation positions and five elevation positions created a

new alignment angle problem for 30 unique trials.
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Figure 7. Peg-task in typical board position with good
visibility (lower) and simulated underwater turbidity
causing washouit of contrast due to backscatter. The
actual TV display is photographed to show the stimulus
pattern presented to the subject.

The cameras iimed down at the taskboard ,!art block from five feet, with a depression
angle from the horizontal of 12 degrees. The position of the six rotation settings and five ele-
vations relative to the cameras is shown in Figure 8. The receiving blocks were 2 x 2 x 2 inches,
with an oversized one-inch hole for receiving the one-inch-diameter, four-inch-long peg. Tole-
rances were generous enough to permit a test subject to insert both pegs in only four seconds
using direct viewing and his own hands. The fastest times using stereo television and the mq:ii-

pulator were on the order of eight seconds, a limit Idue to the inertia of the masterslave arm.

A - 90'

side view
peg task 45*

12 degrees

TV camera E

pivot

angle to camera A-, position no. 4 is straight on

6 = 300 right " 4 to the camera line of sight
5 = 15 right "

• 4= 0 3-

"3=15 left
2 =30 left~
1=45 left / .

start block

camera line A.
L•. ~of sight .,

Figure 8. Elevation and :otation combinations for the peg-task. The
upper figure is a view from the right side of the taskboard, while the
lower figure is a top view with the board in elevation E (flat). The
receiving blocks are shown with board in position 2, 30 degrees left.
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The combination of camera and monitor characteristics resulted in an image of tile
receiving block and taskboard which was approximately four-tenths actual size, as the 24x
24-inch taskboard was approximately 10 inches on the display screen (a 17-inch Conrac
monitor). The entire taskboard was painted with flat gray paint and coated with light gray
flocking material to further reduce reflection and to simulate underwater sediment. The
monitor and subject position were in a room next to the taskboard, as shown in Figure 9.

lFigure 9. Test subject position with manipulator and TV.
A single 17-inch monitor presented both stereo (via elect-
ronie shutter glasses) and mono.

Before discussing the detailed analysis of the experiment and the visual cues available

under the stereo and mono TV conditions and under the three visibility conditions, there
are additional photographs of the screen images as presented to the subjects. These will be
presented now (Figures 10-14) so they will have been introduced for reference during the
following discussion of cues.

I-

Figure 10. Example of the monocular cue often used by manipulator
operators to determine how close they are to a surface. Since a shadow
and object always converge with approach to a surface, well-placed
lighting can provide very potent cues to final closure between mani-
pulator and an object or su face. Projected shadows of two ob, ects
can be used to place the two objects in the same plane above a --

face, and thus catise them to interact. As can be scen in Figure 11,
such shadow cues can be lost with poor visibility, due to backscattering
particulate matter in water.

23



4A

Figure 11. Example of interposition as a cuc to rank-order of distance
from the camera. In the clear view, note that the peg is seen to be
obscured by the top surface of the block. even though it is properly
aligned for insertion, it is not correctly positioned over the block
center. Note the loss of this cue in the low contrast scene.

ZI

Figure 12. Closer view of TV display screen, showing somei
of the perspective cues to alignment. The peg axis (dotted
line) must be parallel to the cube edge (solid line); the orien-
tation and dimensions of the ellipses formed by the hole and
the end of the peg must match. Note the peg's shadow (left
arrow), and the sharply defined edge of the blo k formed by
differential lighting (right arrow).

I
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Fi•gure 13. TV monitor screen in stereo mode (left photograph) and in mono (right
S~photograph). The stereo system in use for this experiment used the odd-numbered

?, lines for one eye's image, and the even-numnbered lines for the other eye's image.
r-[ This had the effect of reducing vertical resolution and contrast for light-colored objects

surrounded by dark areas. When the subject was wearing the shutter glasses the lefti eye could see only the left block, the right eye only the right block (in the left photo).
S~Although the peg looks lined up over the hole. it is immediately obvious in stereo that
Sit is sevecral inches behind the block.

Ir

-- f Z

• , size-distance cue
Srottionof mjorcombined with

rtto interpajtioSaxis of the ellipseinepsto

tasks of this type. There must be enough effectiveresolution in the system to make use of such details.

tUnderse poor visibility conditions the ellipse was hard • .35o

incomplete view of
ellipse at end of peg

tilt detected by ratio of major
and minor dimensions of ellipse
(or other known geometric shape, even when only the
such as a square) elliptical Image of the

hole is visible, the
orientation is given
unambiguously
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The first experiment employed six trained subjects who were highly skilled in the use
of the CRL manipulator and in specific strategies for completing the peg-task in minimum
times (errors not counted). In this experiment, learning effects were biased in favor of mono
TV by performing the tasks in stereo (10 different positions) and then immediately repeating
those same 10 positions in mono, for each visibility condition (clear, moderate, severe). Thus,
any decrease in task time for stereo was in spite of a learning advantage gained during mono.
Similarly, clear visibility conditions came first, followed by the moderate and severe condi-
tions. so that any impairment of performance due to poor visibility would occur in spite of a
learning advantage previously gained during clearer visibility conditions.

Results and Discussion. Figure 15 graphically shows the average peg-task performance
times using stereo and mono TV for the three levels of visibility. Although, in this experiment,
stereo showed a significant advantage over mono TV in terms of the ratio of task times, the
absolute difference was on the order of 10 seconds at the most, and as little as three seconds
in the cleai visibility condition. While the difference in times between mono and stereo do
not appear to be very large it must be remembered that the task is fairly simple and was
performed by highly skilled operators. Any performance advantage must be multiplied by the
number of times an operator would do a simple alignment movement during a complex
manipulative task. It must also be remembered that the experimental design of this task was
weighted against stereo and poor visibility and in all the individual subject averages, not one
stereo score was worse than the corresponding mono score.

30-

conventional
26- non-~stereo TV

c 20-
stereo TV

E 15

10-

clear moderate severe 1:
R sdl R sdl R sdl

mono 16.6 5.8 21.2 10.7 29.9 16.0 1
steeo 3.83.8 17.6 6.; 22.4 12.6

visibility

Figure 15. Average peg-task performance times for six practiced
subjects using stereo and mono TV under three levels of visibility.

26

•-----• •mom -.



I
A totally Within Group's analysis of variance of the logarithmically transformed time

scores is presented in Table 2 (Se6 Winer, 1971, for a description of this model). It can be
, ,seen that the main effect of mono-stereo was highly significant (F=27.0 p<.0025), as was the

effect of the visibility conditions (F=21.88 p<.001). Note that the interaction of mono-stereo
by various levels of visibility was not significant. This may indicate that the loss in perform-
ance associated with decreased visibility occurred equally for both mono and stereo displays.

Table 2. Analysis of Variance Practiced Peg-Task.
(Log Time)

Treatnment df MS F P_<

Mono-Stereo (A) 1 0.081 27.0 .0025
Visibility (B) 2 0.175 21.88 .001
Subjects (S) 5 0.046

AxB 2 0.002 1.00 N.S.
AxS 5 0.002 1.00 N.S.
BxS 10 0.008 4.00 .05
AxBxS 10 0.002

Total 35

I • This first study used highly practiced subjects because a major emphasis was made to
r select procedures that minimized potential learning effects and employed a statistical design

to control for the variable effects contributed by individual subject performance. The data
from this study and the low variability contributed by experimental error variance resulted
in a demonstration that, even with the limited visual cue differences between the mono and
stereo displays, stereo performance was superior to mono under all levels of visibility. Al-
though the peg-task was not thought to be one where stereo would be critically important
(it was chosen and designed to have strong mono cues), stereo nevertheless was able to cut

gperformance times by 17 percent in clear and moderate visibility, and cut time by 25 percent
in the severe visibility condition (see Figure 15). Yhis result is similar to the 20 percent mono-

stereo difference reported by Chubb (1964) using the same type task and manipulator under
direct-viewed conditions.

Under these peg-task conditions, there are many useful and effective mono cues, as
illustrated in Figures 10-14. Note also that since only time was being recorded, operators
developed strategies with the force-feedback manipulator that maximized the amount of
tactile feedback used to slip the peg into its final alignment. If the task had been drilling
where there was no existing hole to provide t, ctile aid ir alignment perpendicular to the
surface, stereo would have been even more helpful.

The following is a general description of how subjects approached the peg-task and
several of the skills and techniques which they developed to improve performance.
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The first step in any remote work task is to interpret the scene so as to decide how to
approach the problem. The overall view of the taskboard, as in Figure 7, provided strong cues
to the tilt and orientation of the receiving blocks. Visual guidance was needed to grasp the
peg with the jaws and for transport from the start block to the receiving block. Subjects
rapidly learned ways to use tactile feedback in grasping the peg ard in driving along a line of
sight until the peg made contact with the hole and could be tipped in. Because there was no
hesitancy or tendency to stop too soon, stereo made the travel time from start block to
receiving block faster. The tendency to stop too soon was observed repeatedly under mono,
probably because of depth uncertainties in the mono display. If the cameras had been closer
to the task so that the critical features (ellipse axis of peg and block) were more finely resolved,
it might have reduced performance time. The fact that additional resolution might help
performance is supported by the ease with which operators could replace pegs in the plastic
starting block if permitted to look directly through a small viewing port which could be
opened in the wall.

In the severe visibility conditions, subjects were sometimes unable to see the starting
position of the pegs and were barely able to make out where the receiving blocks were by the
faint dark spot of the hole. In some stereo trials under the most s~vere visibility, it was ob-

served that the stereo system in use then (see Figure 13) was actually reducing contrast just
below threshold, whereas in mono it was still visible. It should be noted that time perform-
ance was still better with the stereo system despite its reduced resolution, reduced contrast
for light objects, and the more bothersome visual noise (in a spatial fiequency sense) due to a
raster pattern twice as coarse as in mono. The raster became an even greater problem when
subjects would lean closer to the monitor in order to reach a difficult position with the
manipulator. The visual interference caused by a high-contrLst line pattern is demonstrated in
Figure 16. By holding the page much farther away, or by moving it gently up and down, the
eye can be clearly seen and even the eyelashes come into view.

Another factor which could have reduced stereo advantage is the tendency to tilt the
head when reaching for difficult spots with the manipulator. When the subject's eyebase was
no longer parallel with the eyebase on the TV screen. vertical disparity could cause loss of
stereo fusion.

Figure 16. Example of rastcr-line interference with lower contrast
image perception. By moving the page much farther away, even the

III

eyelashes becomie clearly visible. Moving the page slightly up anddown also blurs out thc lines. This kind of visual noise from tine-scanned displays should be kept to a minimum for intcrpretationof low-contrast imagery.
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The visual cues used by the operators in mono and stereo were (1) simple contrast of
the hole against the washed-out scene in severe visibility, (2) line-of-sight manipulator tech-
niques when in mono, or in poor visibility, stereo; (3) strong perspective cues showing the
taskboard alignment and orientation; (4) the linear alignment cues from the receiving block
edges and ellipses; (5) shadow cues to assist in seeing when the peg/manipulator was going to
touch the surface of the taskboard; and (6) interposition cues to tell when the peg was being
placed behind or in front of the desired position (as in Figure 11). Tactile feedback was uti-
lized more in the poorer visibility conditions and for the tipping in of the final alignment.

In stereo, the above cues were available, plus the strong and unambiguous primary cue
to distance derived from horizontal disparity between left and right retinal images. This addi-
tional spatial information, in addition to providing a clear, dimensional image, permitted the
subjects to move from the start block to the receiving block more confidently and quickly.

Experiment 2: Unpracticed Subjects. The second study was also designed to assess the
effects of mono versus stereo views for three conditions of visibility and under conditions
where subjects were not familiar with the task or taskboard, but had experience with remote
viewing and manipulation. This study employed the same taskboard that is rich in monocular
cues, consists of familiar shapes and forms, and requires relatively little discrimination of
depth. Subjects were 16 NOSC employees, all of whom had some previous remote manipula-
tor experience but were naive to this task. Subjects were randomly assigned to either mono or
stereo viewing conditions and all were given 10 trials each under severe, moderate, and clear
visibility conditions in that order. Subjects were given limited practice in removing the peg
from the starting block under all these conditions. They were instructed to position the pegs
in their respective holes, being very careful not to drop the peg or make unnecessary contact
with the taskboard, as both time and erro- perfornance was recorded. The taskboard's
rotation and elevation position was changed for each trial in order to reduce body position
learning and to maximize reliance on visual cues. The purpose of ordering the visibility
conditions from severe to moderate to clear was to minimize the carryover of visual informa-

r tion from one condition to the next. Previous research (Merritt, 1978) has shown that the
information available in even one clear look at the taskboard scene can be utilized by the
operator in later trials under reduced visibility. This same reasoning led us to use a Between-
Group design for the mono versus stereo condition. Thus, for any subject in the mono
condition, the only visual information that could carry over from trial to trial would be the
mono cues present in that visibility condition and those from any preceding visibility condi-
tions. While the carryover of visual information across visibility conditions was minimized by
severe-moderate-clear order, any improvement in performance that might result from practice
would be in favor of the clearer visibility conditions.

The expected consequence of these procedures was to reduce all non-visual factors to
an absolute minimum and to maximize monocular depth cues in both the mono and stereo
displays. Whereas these procedures are very unlike those encountered by the remote vehicle
operator in real life situations, they provide an adequate and necessary test of the "pure"
effects of the independent variables. It is our belief that all programatic research on remote
operator performance should begin with such an assessment of the "pure laboratory" effects
of the many variables associated with remote operator performance. It is only then that a
meaningful assessment can be undertaken of the conditions which are imposed by the more
real-life circumstances faced by the remote operator; that is, the effects of experience that are

-29



I

a result of the uniqueness of each set of underwater task visibility conditions and target
unfamiliarity.

Results and Conclusions. The results of the seco:-d peg-task are presented graphically
in Figures 17 and 18. Also, a Three-Way Between-Groups Analysis of Variance was employed
which had mono-stereo (A) conditions as the Between-Groups's main effect, and visibility (B)
and trials (C) as the Within-Group's main effects (see Winer, 1971). The trial main effect was
a nuisance variable employed to account for variance associated with the task and trial order
effects, which would normally be pooled with the experimental error variance term. The
reduction of experimental error variance thus increases the overall sensitivity of the statistical
analysis. Tables 3 and 4 present the three-way analysis of variance for the log transformed
time and error scores. It can be seen that the main effect of visibility is highly significant
(F=101.55,P< .001) for both time and (F=b9.46,P< .001) for errors. It can also be seen that
the mono-stereo differences are not statistically significant for time or errors, even though
stereo is consistently better on all points plotted for time in Figure 17. As Figure 18 shows,
stereo performance is slightly worse when error scores are plotted. Note also that the visibili-
ty by mono-stereo interaction is not statisitically signif "ant. This indicates that the degree of
decrement associated with the visibility levels was similar n, the mono and stereo conditions.

120- 35-

1oo- 30.

conventionalnon-stereo TV •

80- 2 25-

"k' • stereo TV

"stereo TV E
S60- 20-

4, S

conventional40 15 non-stereo TV

20- 10-

I I I I

clear moderate severe clear moderate severe
R sd 1 sd R sd i sd R sd R sd

mono 42.24 6.4 65.36 14.3 108.14 30.5 mono 11.1 1.6 17.9 4.1 29.0 6.7

stereo 34.27 4.9 52.80 13.9 94.84 20.5 stereo 11.7 3.2 18.8 4.2 34.2 6.3

visibility visibility

Figure 17. Averagc peg-task performance times. Note Figure 18. Average peg-task error performance.
that while stereo results in consistently better perfor-
mance, these differences are not statistically significant.
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"Table 3. Analysis of Variance Unpracticed Peg-Task
(Log Time)

Source of Variation df MNS F P<

Between-Groups 15
A (Mono-Stereo) 1 0.855 1.8505 N.S.
Subjects W. Gr. 14 0.4605

Within-Groups 464
B (Visibility) 2 5.9902 101.5533 .001
AxB 2 0.0154 0.2608 N.S.
BxS 28 0.0590

('C(Task-Trials) 9 0.2134 10.1748 .001
AxC 9 0.0318 1.5176 N.S.
CxS 126 0.0210
BxC 18 0.0629 3.0020 .001
AxBxC 18 0.0250 1.1934 N.S.
BCxS 252 0.0210

Total 479

Table 4. Analysis of Variance Unpracticed Peg-Task
(Errors)

Source of Variation df MS F P<

r3etween-Groups 15i
A (Mono-Stereo) 1 .449 .8! N.S.

Subjects W. Gr. 14 .549

Within-Groups 464 6.9609 89.46 .001
B (Visibility) 2 .0806 1.036 N.S.
AxB 2- .0778

BxS 28 .1404

"C (Task-Trials) 9 .1404 4.2644 .001
AxC 9 .0326 .9901 N.S.
CxS 126 .0329
BxC 18 .0558 1.6027 .05
AxBxC 18 .0401 1.1516 N.S.
BCxS 252 .0348

Total 479
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It is likely that the lack of sensitivit.; involved in the Between-Group's design contri
bute. by the high degree of inter-subject variability in performance across all trials is respon-
sib'e in part for the lack of a significant mono-stereo difference. It might be pointed out here
that while our subjects were informed that errors were to be avoided, time-error tradeoffs
occurred between the subjects which were uncontrolled; that is, each subject employed an
individually determined tradeoff criterion during the performance of the tasks. It is also
possib!e that inexperienced suojects were just unable to utilize the limited perceptual cue of
binocular disparity, and it is also possible that the subjects learn (o: utilize the visual cue
information) differently in the mono and stereo conditions. In order to evaluate this second
possibility, a split-half trials analysis of the thrie ten-trial blocks was conducted. The results
indicate that there was no differential learning in the severe and moderate trial blocks, but
markedly different learning under clear conditions, with the mono group showing a major
learning effect (Q=4.52,p< .005), the stereo group showing no clear condition learning etfect
(t= i. l,p<. 10). It is probable that this differential learning is partially responsible for the
lack of mono-stereo performance; however, it is felt that since this task was chosen and
designed to have very strong mono cues, the results that show little or no improvement in
stereo performance are not unexpected.

It will be recalled 'hat our testing procedures were designed to reduce the impact of
non-visual factors and to maximize monocular depth cues. The results of this study indicate
that we were successful in this regard. They further indicate support for the argument that
our subjects were better able to utilize the monocular cues under the clear condition and that
stereo cues remain relatively stable under different levels of visibility.

Messenger-Line-Feeding (MLF) Task Experiment

Experiment 3. Subjects were 20 NOSC employees assigned randomly to mono or

stereo conditions. They all had previous remote manipulator experience but were naive to
this particular task.

The messenger-line-feeding (MLF) type of task was designed to represent a class of
tasks such as line attachment, sample gathering, and certain simple salvage tasks (Category 2in preceding discussions).

The MLF task (see Figure 19) duplicates the condition of unfamiliarity which often
makes TV imagery so difficult to interpret in the reduced-cue situation found in the ocean
environment. The taskboard surface is irregularly shaped with a plaster-like material in which
the hoops are embedded. fhe irregular shape, as contrasted with the clean, flat taskboard
used for the peg-task, is a representation of the way marine growth and corrosion can alter
the contours of objects on the seafloor. The task is modeled after an actual operation in
which a remotely-manned tether vehicle recovered an anchor chain at a depth of 600 ft. The
hoops present the same appearance as the semi-buried links of that anchor chain, through
which a hoisting line had to be threaded. The taskboard, three feet square, holds four 18 by
18 inch sections fitted with hoops (akin to a croquet wicket in size, made from various
diameters of tubing), three to five hoops per quadrant.

The board was rotated to a new position each trial, so the terrain could not be learned.
The number and type of layout precluded even the experimenters from learning the spatial
positions.
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Figure 19. Overall view of the camer:,s and MLF
taskboard, which could be rotated to 24 15-degree
position increments around a full circle. The
board was inclined 14 degrees, the cameras down
14 degrees, so the observation angle varied from
28 to 0 de.'es. The bottom view is a photograph,
not the TV display.

M

• 4

Subjects were informed that time and error scores were being recorded so that while
speed was an important part of their performance, accurac;y was also important.

The task consisted of threading a half-inch rope through two hoops as designated by
the experimenter ji'st prior to starting. The subjects were not shown the board before the I
tests, and were given practice trials using an older prototype of this taskboard immediately
prior to the experiment. Subjects in each group were then given 10 trials each under severe,

ki moderate, and clear visibility conditions.

I
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Results and Discussions. The results of the MLF experiment are presenteC graphically Vin Figures 20 and 21. •

The results showed that subjects took 50 percent longer to do the task in mono, and
had over twice the number of errors (inadvertent contacts with the board) than in stereo.
Note that we employed the same Between-Groups design, so there was no learning advantage
for either mono or stereo.

30-

150-

conventional conventional

125- non-stereo TV

20-

0-

sterstereo
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clear moderate severe clear moderate severe
R s +d X ad R d s ad X sd RR scd

mono 66.4 30.4 98.8 34.5 153.7 43.5 mono 10.0 4.8 18.9 8.1 29.6 1.0

stereo 47.4 20.2 56.2 18.7 98.3 60.2 stereo 4.5 1.7 6.8 2.9 12.5 8.5
visibility visibility

Fgure 20. Average Messenger-Line Feeding Figure 21. Average Messenger-Line Feeding

(MLF) task performance tmes. (MLF) task error performance.

Tab:e • presents the results of the three-way Between Groups Analysis of Variance
for the logi. ie time scores. It can be seen that the main effects of mono-stereo (A) and
visibility, -!Oitions (B) were highly significant (A'F=!4.36,p<.0025;B"F=25.45.p<.001).
Additionally, the A by B interaction was also significant (A by B'F=4.88,P<.05). A corres-
ponding analysis was completed on the error scores, and in all cases the results were identical
to those obtained for the time analysis. These data are presented in Table 6.

As can be seen in Figure 19, the hoops were painted with a light gray flocking material
to add a fuzzy surface, not unlike that found on undersea objects. The hoops, then, were
already low in contrast, and when the moderate and severe visibility conditions were imposed,
the cue of interposition was degraded below effective threshold. The lighting was from several
different angles and from large-area sources so as to duplicate somewhat the diffuse lighting
found in the sea. The irregular shapes did not provide linear perspective cues, nor did it
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Table 5. Analysis of Variance of MLF Task.

(Log Time)

Source df MS F P

7 , Between-Groups

(A) Mono-Stereo 1 5.72 14.01 .0025
Sub Within gr 18 .4085[ Within-Groups

(B) Visibility 2 5.316 110.54 .001
A , 2 .1659 3.45 .05
BxS 36 .048

(C) Task Trials 9 .323 11.35
AxC 9 .043 1.52
CxS within gr 18 .598 19.55 .001
AxBxC 18 .075 2.46 .01

BCxS within gr 252

TOTAL 479

Table 6. Analysis of Variance of MLF Task
(Errors)

Source of Variation df MS F N

Between-Groups 19
A(Mono-Stereo) 1 20103.595 54.0120 .001
Subjects W. Gr. 18 372.2048

Within-Groups 580
B(Visibility) 2 9557.9687 84.1803 .001
AxB 2 1727.6958 15.2164 .001
BxS 36 113.5417

C(Task-Trials) 9 555.6943 9.8182 .001
AxC 9 74.4705 1.3158 N.S.
CxS 162 56.5984
BxC 18 786.1133 11.9892 .001
AxBxC 18 155.9180 2.3779 .01
BCxS 324 65.5687

Total 599
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provide cues derived from known sizes and shapes; the hoops were made from tubing of
various diameters, ranging from 3/8th inch to over 1 inch diameter. In Figure 19, the con-
founding of size and distance can be seen, where a small diameter hoop and a large diameter
hoop are side-by-side in the foreground, bottom. It should be voted again that the photograph
at the bottom in Figure 19 is not (as in the previous peg-task ".otography) a picture of the
TV display; it is a close-up photograph taken directly with a 35mm camera, and shows more
detail than was available to the test subject under the severe visibility condition. Due to the
confounding of monocular size/distance cues, the board was very difficult to perceive in
mono, but in stereo the whole arrangement of the elements was immediately clear. The only
impediment for those operating in stereo was to learn skill and techniques with the manipu-
lator for this task.

The time and error perfornance scores shown in Figures 20 and 21 indicate a signifi-
cant advantage for stereo TV in this type of remote manipulator task, due to the reduced level
of monocular cues available. Unlike the peg-task. the MLF task was designed to control or
eliminate mary of the cues which are often present in simple laboratory tasks used to evaluate
manipulator vvriables without regard to the visual display variables. The interaction of the
visibility factor with the stereo-mono factor shows that stereo TV is degraded less by poor
visibility than is mono TV, with the same general curve-shape for both time and error scores.
Under the severe visibility condition, the lower resolution and contrast available in the stereo
system tended to work against the stereo advantage (see Figure 13) as shown in the increased
slope of the stereo curve (Figures 20 and 21). Even with these disadvantages (Which were due
only to the type of stereo system employed at the time, rather than to stereo systems in
general) stereo performance times were significantly better than those with mono TV. and
error scores were greatly reduced. The importance of the error scores can be placed in per-
spective by considering the critical nature of tasks such as munitions recovery, handling of
radioactive objects lost at sea, dropping or breakage of expensive or irreplaceable tools or
equipment. and so on.

The importance of the interaction of visibility with stereo TV points up the relative
immunity of stereo systerms to noise and contrast reduction, both of which are very common
in the undersea imaging environment. It was in consideration of this characteristic advantage
of stereo in photointerpretation which lead to one of our research hypotheses: that stereo
would provide an increasingly significant advantage over mono as visibility conditions and
task object complexity became more difficult. The results of our research confirm this
hypothesis.

CONCLUSIONS AND RECOMMENDATIONS

This study sought to examine the relative performance advantage obtained in a mani-
pulator task when the cue of binocular parallax is added to the usual televised scene.

As scene complexity and object ambiguity increased (our category 2 task), the advan-
tage of a stereo display became more pronounced. We believe this to be due to several factors.
First, as we have demonstrated, with decreased visibility, the cues to distance given monocu-
larly are reduced proportionally. Binocular disparity is less sensitive to degradation: therefore,
stereo performance remained consistently higher. Second, in complex, highly unstructured
and uncertain visual scenes, the dimension of scene interpretation becomes an increasingly
important factor. Binocular disparity provides significant information under these conditions.
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Other types of perceptual information would also be expected to improve performance.
Included in this latter type are motion parallax and color registration.

Motion parallax provides relative cues to distance by virtue of the infornation result-
ing from the observation of differential object-displacement when the head is translated on
the frontal-parallel plane (X dimension). Objects at the fixation point appear stationary.
while objects beyond this point move at rates which are dependent upon their distance from
the fixation point.

In our stereo system, the movement of the objects are not faithfully reproduced. In
fact, objects beyond the convergence point (the face of the display monitor) appear to move
opposite to the expected direction. This is because the movement-compensation mechanism
in the brain exflects the object-images on the retina to be displaced. and therefore compen-
sates for the head movement by interpreting moeement in the opposite direction. We have
termed this apparent movement "pseudo-parallax." It is unknown to what extent the inap-
propriate motions ha' c contributed to errors in depth or distance perception. Additional
sources of potential error may be contributed by the mismatch between accommodation and
convergence. Previous research in perception indicates that the perceived absolute distance in

,k mismatch circum.stances results in a compromise between the two cues (Ono, Mitson and
Seabrok. 1971).

The rel.itionship between parallax cues given monocularly and binocularly, and the
magnitude and direction of error introduced by 'pseudo-parallax" cues can only be deter-
mined empirically. If we are to continue to utilize the advanced display systems to accomplish
more and more sophisticated and hazardous missions, we must more fully understand the
"contribution of these variables to task performance.

Additional research needs to be addressed toward tasks involved in scene interpreta-
tion. Category 3 tasks need to be identified and performance measures obtained utilizing
those visual cues which provide increased information for scene interpretation. Color is an

r extremely important cue. probably as important as binocular disparity under some scene
conditions.

Other features found in direct vision need to be assessed to determine their utility, in
addition to binocular and motion parallax cues. These include accommodation, convergence,
color, improved resolution, improved gray-scale rendition. color rendition, and an integrated
visual-motor space. The relative performance advantages of these visual-perceptual-motor
features can only be determined through experimentation with generic tasks and an advanced
manipulator system which does not constitute the major limiting factor to performance. Even
when such advantageous features as color or stereo are not essential for task completion, due
to the abundance of monocular cues and the adaptability of the operator, stereo will still
reduce the time required for completion and will greatly reduce the number and severity of
contact errors which could be critical in hazardous situations.

With the advent of advanced master-slave manipulators with excellent force-feedback
(which are now available in hot-cell laboratories), and the utilization of improved display
systems employing stereo, color, high resolution, motion parallax, etc., man's capabilities
will soon be extended into depths and hostile environments which until now have not been
poasible.
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