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CHAPTER I
INTRODUCTION

Cybernetics as the Science of Sensory-Motor Coordination

Cybernetics is a term which seems to have as many meanings as there are
persons prepared to use it. For example, the following definition appeared in the
1960 edition of Webster's New World Dictionary, College Edition:

cy-bernetics (siber-net’iks), npl.[construed as sing.], [<Gr. kybernetes,
helmsman; + -ics], a science dealing with the comparative study of
complex electronic calculating machines and the human nervous system
in an attempt to explain the nature of the brain.
This definition differs widely from the meaning originally given it by Norbert
Wiener [1948], who intended it to encompass

..the entire field of control and communication, whether in the
machine or in the animal...

A recent tendency is to use the term interchangably with system dynamics, implying
that the study of any system whose components are interrelated in a complex way is
a cybernetic study. We embrace the motion that cybernetics has firm roots in the
brain, computing, and systems sciences but none of these definitions is entirely
consistent with ours.

In our view cybemnetics is the science which addresses the problems of

sensory-motor coordination, whether in biological, robotic, or even hybrid systems.

1 Wiener’s example of control of an anti-aircraft gun was just such a hybrid system,
involving not only radar, ballistics and aerodynamics but also the actions of the
the gunner and the pilot.
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This view stops short of the very loose current usage that allows one to apply the
term cybernetics to ecological, economic, and social systems but avoids the overly
narrow definition given in Webster's. In practice our definition is closest to
Wiener’s.

Because within our view of cybemnetics there are no boundaries between
artificial and natural sensory-motor systems, cross-disciplinary studies are invited.
The study of natural systems, systems which are so successful at performing
sensory-motor tasks that have proven difficult to implement in machines, holds
promise of indicating elegant solutions to practical problems in robotics. Conversely,
when a solution to a sensory-motor problem has proven successful in an artificial

system it becomes a rich source of analogy in the study of natural systems.

Depth Perception as an Issue in Cybernetics

Our definition of cybemetics implies a point-of-view about the relationship
between sensory and motor processes. Sensory processes and motor processes cannot
and should not be put into separate categories [Arbib, 1972]. Sensation is for a
purpose. It is used to adjust action. Action in tumn affects perception. Action and
perception are two inseparable parts of a closed cycle [Neisser, 1976; Arbib, 1981).

In this dissertation we take an approach to the study of depth perception that
reflects the cybemetic point of view. If depth discrimination is imbedded within a
cycle of action and perception then it cannot be viewed as simply an

information-organizing process separate from action. If, for instance, a toad exhibits
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:nze-c:onstm:ncy2 in its preference for prey then do we assume that the toad estimates
the distance of the prey and then determines its size or do we assume that a side
effect of the toad’s prey acquistion strategy is that prey of a certain size are
preferred? The cybemnetician must certainly consider the latter.

Our point of view from cybernetics does not allow us to treat depth
perception as a passive process, concerned only with assigning a depth value to each
point in visual space. Instead, it must be viewed as part of a dynamic process by
which an animal (or machine or human) achieves a particular goal. If the goal is
navigation through the environment then what is required is quite different from
what is required if the goal is to catch a passing fly. Depth perception, to the
extent that it is an identifiable function of the visual system, may take as many

different forms as there are distinctly different functions which require its use.

Purpose of the Dissertation

In this dissertation we present a sequence of models of the extraction of depth
information from visual data. Our study differs from other recent studies in several
ways. First, rather than using the mammalian depth perception system to guide our
exploration we use data from the literature on frogs and toads. Second, we are
concerned with how depth information from multiple cue sources can be integrated.

Finally, our point of view that perception is action oriented required us to pay

2 An animal exhibiting size-constancy appears to make judgements about visually
presented objects that reflect the object’s real size rather than subsumed visual
angle.



careful attention to behavioral, as well as anatomical and physiological, data.

The purpose for making these models is twofold. Since the models are
constrained to conform to existing knowledge of the visuo-motor system of frogs and
toads, they have the potential for making contributions to the understanding of
visuo-motor coordination in these animals. By building and experimenting with
computer simulations of the models we have taken a first step in the development
and testing of algorithms for artificial systems. Because our goals span two
disciplines, our perspective embraces but is not limited by the view espoused by Riss
[1968] that |

{aldequate theory must have relevance to behavioral, physiological and

morphological scrutiny and must be susceptible to improvement through

each of these empirical avenues.
We have paid careful attention to data from experimentalists and hope that, in turn,
our models will be the subject of experimental testing. We also hope that our
models will prove useful in the design of control systems for robots even if frogs
and toads prove to be insistent on refuting our speculations.

Since we wished to forge links between two divergent disciplines we took care
to simulate our neural models on the computer. Experiments done with the
computer simulations allowed us to go beyond mere plausibility arguments by
providing concrete demonstrations of the efficacy of the models. They allowed us to
analyze the sensitivity of the models to variations in parameter settings and
environmental configurations. This analysis, in tumn, led to many concrete
predictions about animal behavior which are now open for verification by

experimentalists. Further, the computer simulations represent operating algorithms
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that can be implemented in robotic systems. Experiments with these simulations
provide important data concerning the tuning and expected performance
characteristics of these algorithms.

Frogs and toads were chosen for this study for several reasons. First, they
exhibit ballistic behavior. Their prey-catching sequence consists of periods of
apparent inactivity followed by a series of movements that seem to be preplanned.
Changes in the environment after initiation of overt activity do not seem to affect
how that sequence is carried out. Once a toad begins to stalk and strike at a prey
it will not stop even if the prey target is artifically removed; the sequence, including
swallowing and wiping the mouth after the strike, is uninterrupted [Ewert, 1980).
Ballistic behavior is remarkably akin to the actions of preprogrammed robots. A
second reason for choosing frogs and toads is that they are vertebrates but with
simpler brains than those of many other vertebrates. Therefore, it may be possible
to draw parallels to visual functioning in higher vertebrates without having to
confront their greater complexity [Scalia & Fite, 1974]. Finally, frogs and toads
exhibit highly developed depth vision but also appear to utilize fairly simple rules
when using depth information to coordinate their behavior [Collett, 1982]. Along
with depth, these simple rules employ only readily available visual cues. Thus, they

are of the sort which could conceivably be implemented in a robotic system.



Organization of the Dissertation

Each chapter of the dissertation includes enough background material so that
the chapter can be read as an independent umit. The price of this policy is
redundancy. Redundant material has, in the main, been confined to the
introductory section of each chapter. It may be skipped, without penalty, by
whoever has the interest and stamina to read the dissertation from start to finish.

In Chapter 2 we review current depth perception models and those aspects of
the visual system of frogs and toads which appear to play a role in depth
perception. This chapter has three goals. The first of these is to familiarize the
reader with the theoretical and experimental data relevant to depth perception in
frogs and toads. The second goal is to point out the shortcomings of current depth
perception models with respect to the problem in frogs and toads. The final goal is
to prepare the reader for some of the conclusions reached during the development
and testing of the models in the next three chapters.

In Chapter 3 we describe a model that demonstrates a way in which earlier
cooperative depth models might be extended to better address the data from frogs
and toads. We call this model the “cue interaction model” since it uses monocular
depth cues from lens accommodation to assist in the selection of binocular depth
cues from local disparity matching. The use of accommodation to assist in the
disambiguation of the binocular matching problem reduces dependency on densely
populated images, continuity of surfaces in space, and depth cues from binocular

convergence.
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In Chapter 4 we present another, quite different, model of depth perception.
This model, the “prey localization model,” also addresses the disambiguation of
binocular matching by the use lens accommodation. However, unlike the “cue
interaction model,” this model does not use monocular depth cues per se. Instead,
quality of image focus is one of the controlling variables in a feedback loop that
adjusts lens focus in order to simultaneously select and localize a single prey target.
Since this model is limited to determining the spatial position of a single prey it is
not as ambitious as the “cue interaction model,” which attempts to provide a
complete depth-map of the animal’s binocular visual-space. However, in an
important sense it is an advancg: it gives a detailed explanation of how lens focusing
canbecoupledwithabinocularsystemtoselectaparﬁaﬂarpreyfromamong
several, and accurately estimate its depth.

Chapter 5 provides a synthesis of the models presented in the previous two
chapters. Here we argue that depth perception in frogs and toads may not be a
single process. We observe that the process underlying the “cue interaction model”
is most appropriate for locating barrier objects, whereas the process underlying the
“prey localization model” is (as its name implies) most appropriate for locating prey.
Starting with these observations, we construct a preliminary model of a lens
accommodation controller that could support both processes.

Finally, in Chapter 6 we conclude with a synopsis of the most important
findings of the modeling work, further animal studies suggested by the work, and

the implications of the work for robotics.



The appendices provide the detailed description necessary to allow replication
of the results presented in the dissertation. Appendix A shows how the
mathematical definition of the models was developed. It also describes the structure
of the simulation algorithms, and explains how parameters were chosen for the
simulation experiments. Appendix B provides a description of bow the optics were
simulated. Appendix C describes the software system used to run the computer
simulations. It contains both a user’s guide, and a programmer’s guide to assist

those who might wish to use this system for their own simulations.



CHAPTER 1 |

DEPTH MODELS AND THE VISUAL SYSTEM OF FROGS AND TOADS

Summary

In this chapter we review the reasons why previous theoretical models do not
provide an adequate explanation for the depth perception process in frogs and toads.
We begin with a survey of earlier depth models and a review of experimental
evidence from behavioral, anatomical, and physiological experiments relating to depth
perception in frogs and toads. We conclude by contrasting the assumptions made in
the models with observations about the animals. We note that all of the previous
depth models based on stereopsis are restricted to the consideration of binocular
matching on a pair of static images, and that their purpose is to produce a
depth-mapping from the image pair. These models also depend upon assumptions
concerning vergence and image granularity. We show that these restrictions and

assumptions are not applicable to the depth resolution problem in frogs and toads.
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Previous Models of Depth Perception

Strategies for obtaining depth information from optical data fall into three
main categories: 1) optic flow algorithms, 2) autofocus algorithms, and 3) stereoscopic
algorithms. Optic flow algorithms utilize a time-sequence of images from a single
sensor (camera or eye) together with sensor movement data to reconstruct depth
from parallax between consecutively scanned images. Some of the more recent work
on optic flow algorithms is described in Prager and Arbib [1983], and Lawton [1984).
Autofocus algorithms attempt to adjust the lens of the sensor to maximize some
measure of image focus. In this senss they are not depth algorithms at all, but
once the lens is adjusted depth can be inferred from its setting. A short review of
the various autofocus algorithms is contained in Ligthart and Groen [1982]. Selker
[1982] describes a hardware implementation of such an autofocusing system.
Stereoscopic algorithms  address the problem of obtaining depth from binocular
images by computing disparities between matching regions on the two images.

Neither the optic flow nor the autofocus algorithms were deemed appropriate
to the study of depth perception in frogs and toads. The optic flow algorithms all
entail the use of a moving sensor, but frogs and toads are able to determine depth
while remaining stationary and exhibit no tracking eye movements [Autrum, 1959;
Ewert, 1980]. Existing autofocus algorithms all use a global measure of image focus
to adjust the lens. Therefore, they are most useful with sensors having a narrow
field of view. However, the monocular visual field of frogs and toads exceeds 180°

[Fite and Scalia, 1976].
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The stereoscopic algorithms are also not directly applicable to the depth
perception problem in frogs and toads, but the reasons for their unsuitability are
more subtle. The remainder of this chapter provides an analysis of these subtleties.

Studies of human depth discrimination in random-dot stereograms have
provided most of the incentive for research in stereoscopic depth vision. Julesz
[1971] showed that humans could successfully fuse a stereo pair of random-dot
patterns so that if a central rectangle in one image (selected arbitrarily, and not
defined by edges in the image) were shifted with respect to that in the other image
the observer would see this central pattern as either hovering above or sunken into
the surrounding pattern. This ability to binocularly match regions of a pair of
images without the use of high-level monocular features shows that pattern
recognition is not necessary for binocular depth resolution.

Nelson [1975] developed a neurophysiologically grounded theoretical model that
explained Julesz’ results. Dev [1975] and later Marr and T. Poggio [1976] developed
computational models following the principles outlined by Nelson. Their models are
based on cooperation and competition in spatially distributed arrays of neuron-like
elements. In these models a single disparity (or depth) is assigned to each retinal
position by choosing the most likely estimate at that position. In both of these
models similar assumptions are made about the input image pair. The most
important assumption is the predominance of continuity — the observation that
objects in the world tend to have continuous surfaces which vary only gradually in
depth except at object boundaries. As a result, most neighboring image points share

similar disparities. Thus, a reasonable computational scheme is to weigh a depth
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estimate more heavily when it is similar to estimates at neighboring image sites.
The algorithms are made more efficient if it is assumed that the eyes are verged
upon a spatial point near the image region that is being analyzed. This assumption
assures that the range of disparities is small and that, in the absence of other cues,
a smaller disparity is more likely than a larger one.

Hirai and Fukushima [1978] extended these earlier cooperative/competitive
schemes by introducing explicit cues from vergence to assist in disambiguation of
binocular matching. In addition to using neighboring estimates in their weighting
scheme, they also use a global matching process which helps to assure that 1) a
point in one image is matched by only one point in the other image, and 2) that
the ordering of the matches is consistent.

Trehub [1978] also extended the earlier cooperative/competitive algorithms. He
proposed that performance could be improved by using results of a local pattern
coorelation, in addition to biasing from neighboring estimates, to assure proper
binocular matching. His scheme requires the additional assumption that a
fine-grained pattern of stimulation be available at each local matching site.

Amari and Arbib [1977] present a theoretical study of the general class of
cooperative/competitive “selection” algorithms. Their work includes several theorems
which relate parameter settings to model equilibria.

More recently, modelers have exploited spatial-frequency tuned channels to
guide the binocular matching process in a hierarchical way. Models by both Marr
and T. Poggio [1979], and Frisby and Mayhew [1980] match features of

spatial-frequency band-passed versions of the images, so that the matches obtained
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from the low-frequency versions of the image can be used to bias the matching
process in the higher-frequency components. The models differ in that Frisby and
Mayhew follow previous models in using a cooperative scheme whereas Marr and T.
Poggio do not.

The common purpose of all of these depth models is to produce a depth
mapping of the image under consideration. To do this, the models employ only
binocular depth cues and resort only to the information contained in one static
stereo-pair of images. An assumption (stated or otherwise) that is made in all of
these models is that binocular convergence has succeeded in producing images in
which the range of binocular disparities is both small and centered about zero. It is
also implicitly assumed that the images are clearly focused. Finally, all of these
models depend upon a fine-grained pattern of visual stimulation being available to
the matching algorithm. In order to evaluate the applicability of these assumptions

to the depth perception system of frogs and toads we will first examine selected
background material on the visual system of these animals.

Depth Perception in Frogs and Toads

In this section we present data from behavioral, anatomical, and physiological
studies that relate to the perception of depth by frogs and toads. Behavioral results
demonstrate how depth information is utilized, and indicate that depth information
comes from both binocular and monocular cue sources. Anatomical and
physiological findings indicate those brain structures that seem most likely to be

involved in the perception of depth. Our review traces the flow of visual
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information from the retinas to the brain-stem motor centers. We also present the
results of several studies that correlate the anatomical and physiological units with

behavior.

The role of depth perception in detonr behavior

When they are involved in catching prey or avoiding predators, frogs and
toads use depth information in surprisingly sophisticated ways. For example, when
approaching a prey located behind a barrier, frogs and toads exhibit size constancy
for both the prey and the barrier objects [Lock & Collett, 1979; Ingle, 1976]. They
also demonstrate the ability to measure the distance between barrier and prey [Lock
& Collett, 1980]), and they can remember the position of a prey and orient towards
that position even after the prey is no longer visible [Collett, 1982),

The choices that toads make in detouring around a barrier to get to prey give
clues as to how they utilize depth information. Lock and Collett [1979, 1980]
demonstrated that when confronted with a paling-fence barrier between it and its
prey a toad chooses either to detour around one of the fence ends, to push through
the fence in an attempt to reach the prey directly, or to ignore the prey. Later,
Collett [1982] showed that in cht'xtsing among these three options toads make
decisions that depend upon barrier position and length, distance and position of prey
relative to the barrier, and the placement and width of gaps in barriers. In all
cases, these judgements of length, width and distance appear to be based on
estimates of the actual dimension and not on a simple measurement of subsumed

visual angle.
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Toads are able to simultaneously locate two barrier surfaces in depth. Fig. 1
shows the results of several of Collett’s experiments where he presented toads with
various barrier/prey configurations. Fig. la shows a toad faced with a distant
unbroken fence between it and its prey. In this case 75% of the approaches were
aimed at one of the fence ends, with only 25% aimed directly at the prey. Fig. 1b
shows a nearer fence with a central gap. Here, approaches were aimed almost
entirely at the gap. However, when two fences, similar to those above, were
presented simultaneously, as in Fig. Ic, the toads showed a response that was unlike
either response to the individual fences. Instead, it was more nearly an average of
the two responses, with about 50% of the approaches being directed towards a fence
end and the other 50% directed at the gap in the front fence. One explanation for
these results is that the toad actually sees the two fences in separate depth planes.
Collett showed that toads can measure the distance between two fences by running
the same experiment but this time varying the distance between the two fences. He
found that the percentage of approaches aimed at the frontal gap increased as the
distance between the fences increased.

:I‘he ability to discriminate the distance between fences is not based upon
measuring the difference in angular distance between the fenceposts. To prove this
Collett tried several configurations involving a single fence with a central segment
whose palings were more closely placed than those in the rest of the fence. Results
were similar to those obtained when all fence posts were evenly spaced. Approaches

still either detoured around the fence or or were directed towards the prey. The

toads never oriented towards the position where the spacing between the fence posts
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Fig. 1 - Prey/Barrier Experiments.

Histograms of the initial orientation response of a toad presented with various
prey/barrier configurations. Configurations are shown in top-view. Rows of dots
represent paling fence barriers, large circles indicate prey position, and the inverted
T's represent the position and orientation of a toad. Distances are to the scale
shown on the diagram. Percentages indicate the number of trials on which the
animals elected to head directly towards the prey versus the number on which they
clected to detour around either of the fence ends. Reprinted by permission from
Collett [1982]).
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changed.

Toads are able to measure the distance between a barrier and a prey. Lock
and Collett [1980] showed that when a toad is confronted with a prey behind a
fence-like barrier, the distance between the toad and the fence does not affect the
percentage of approaches that detour around the fence. As long as the distance
between the prey and the fence is held constant it does not matter how far the
configuration is from the toad. However, the distance between the prey and the
fence has a major effect upon approach direction preference. Moving the prey
closer to the fence increases the number of direct approaches, whereas moving the
prey further from the fence increases the number of detours. Collett [1982] showed
that this effect is maintained even when there are two fences and the prey is
behind the rear fence.

During prey-catching, toads plan a route to their prey which they can follow
whether or not the prey stays in view during the approach. Fig. 2 depicts another
experiment by Collett [1982] that demonstrates this fact. In this experiment a paling
fence was interposed between the toad and its prey. Behind the fence was a
T-shaped opaque barrier that allowed the toad to view the prey only when the
toad’s long axis was aligned with the channel forming the leg of the T. Once the
toad began its detour approach, the prey was hidden by the barrier. Nevertheless,
turns around the barrier ends were directed towards the vicinity of the prey. If the

toad elected to continue its approach after rounding the barrier it tended to head

towards the position of the prey.
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Fig. 2 - Toad Trajectories.

Resuits of several experiments involving a toad’s approach to prey behind an
occluding barrier. Solid lines to the right indicate the orieatation of the body axis
of a toad and its snout position (dots) at intervals along its path towards the prey.
For this case, prey objects are those shown enclosed within the solid circle. After it
begins its movement, the T shaped opaque barrier prevents the toad from seeing the
prey. Solid lines to the left show the orientation of the toad’s body axis, for
several trials, during its pause at the fence end. Dashed lines are similar but for
prey positioned within the dashed circle. These data make clear the toad’s ability to
1) extract depth information from its visual world, 2) maintain a short-term memory
of this depth information, and 3) integrate this memory with some notion of its own
body movement. Reprinted by permission from Collett [1982).



Monocular and binocular depth cues

Frogs and toads use both monocular and binocular cues to determine depth.
When both types of cue are available, the binocular cues are preferred. Ingle [1976]
demonstrated that monocular toads are able to snap accurately at prey located
throughout the visual field of their intact eye, although there is some tendency to
undershoot targets placed contralateral to the midline. Fig. 3 summarizes this result.
The presence of significant error only in the periphery, where lens resolving power is
least, led Ingle to hypothesize that lens accommodation provides the monocular depth
cues. Later, Collett [1977] found that toads are also able to estimate depth
monocularly. He confirmed Ingle’s hypothesis about accommodation by showing that
a concave lens placed in front of the eye of a monocular toad will cause it to
undershoot prey. However, Collett also showed that binocular toads utilize binocular
depth cues almost exclusively for estimating the depth of targets in the binocular
field. He found that lenses have only a weak effect on depth estimation in
binocular toads but that base-out prisms placed in front of their eyes produce
significant undershooting. He was able to closely match his experimental data with
a formula that gives a 94% weighting to binocular cues and only 6% to monocular
cues. Collett’s experiments and findings are summarized in Fig. 4.

A more recent series of experiments, carried out in Roth’s laboratory, offers
strong confirmation of the results of Collett and Ingle. Jordan et al. [1980] tested
the depth resolving ability of toads (Bufo bufo) after application of drugs to alter
the tension in the lens accommodation muscles. They found that in binocular toads

both Atropine (a muscle relaxor) and Miotic (which produces strong muscle
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Fig. 3 - Snapping Errors After Monocular Blinding,

Measurements are from cine-recordings. Solid lines mark the deviation of the tip of
the wet tongue mark from the near edge of the cylindrical target (dashed line).
Line B shows the mean tongue extension for binocular frogs. It slightly overlaps
the stimulus across the entire rostral binocular field. Monocular frogs (Line M) fell
short of the target for locations 15-35 degrees from the midline, within the
contralateral visual field. Errors within the ipsilateral visual field are not
significantly greater for monocular animals than for binocular animals. Thus, it may
be concluded that monocular information is sufficient for depth perception in frogs.
The data allude to the use of accommodation for monocular depth information since
the error is worst in the periphery, where the accommodative power of the lens is
the least. Reprinted by permission from Ingle [1976].
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Fig. 4 - Effect of Prisms and Lenses on Depth Perception.

(a) The effect of base-out prisms on binocular depth perception. The angular shifts
in retinal position of the physical object result in its being perceived as nearer than
it actually is (virtual object).

(b) Scatter-plots from tests showing that both binocular and monocular toads are
able to accurately judge prey distance. The oblique line represents the exact
distance of the target from the animal. Filled circles show the results of trials with
binocular toads and the open circles with monocular toads. Snapping distance for
nearly all trials shows the overshoot seen by Ingle (see Fig. 3) with frogs.

(c) The effect of concave lenses on snapping distance. Open triangles are for trials
with binocular animals, filled circles with monocular animals. Line B shows the
snapping distance expected (with a small correction for the prismatic effect of the
lenses) if the change in focal length due to the lenses has no effect upon depth
estimation. Line M shows the snapping distance predicted by the change in focal
length. Binocular toads show very little change in mmapping distance, whereas
monocular toads are strongly influenced by the presence of lenses. These trials
indicate that binocular cues dominate monocular ones in estimating depth for
snapping. They also indicate that monocular depth cues are derived from lens
accommodation.

(d) The effect of prisms on snapping distance. 2.5 degree, 9 degree, and 15 degree
lines show the snapping distance predicted by consideration of the effect of these
three prismatic strengths upon visual parallax. Filled circles represent trials with 2.5
degree prisms, open circles with 9 degree prisms, and triangles with 15 degree
prisms. Distortion of depth estimation is progressively greater with increasing
prismatic strength, confirming the dominance of binocular depth cues over monocular
ones.

Reprinted by permission from Collett [1977].
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contractions) have only a small effect on perception of the depth of prey. However,
monocular toads will severely undershoot prey after treatment with Atropine and

overshoot after treatment with Miotic.

Anatomy and Physiology

This section describes the neural structures and pathways that seem most likely
to form the substrates for depth vision. Our intent is to provide a selected survey
of the results that bear on the problem of depth perception. Following this
description we will present the results of experiments attempting to link the neural
data with behavioral data.

The eyes

In both frogs and toads the eyes are outward facing but structured to give the
animal vision over nearly the entire superior hemisphere. The inferior hemisphere is
also well covered, particularly in the frontal area. Fig. 5 (from Fite & Scalia [1976))
shows this field for both Rana pipiens and Rana catesbieana. A significant area of
binocular overlap is apparent. In Rana pipiens, for instance, the froatal binocular
field covers more than 60 degrees.l

Frogs and toads do not make vergence eye movements and likewise have no
distinct foveal area of the retina. Eye movements are not made to fixate or track
objects in the visual field [Autrum, 1959; Ewert, 1980). The small eye movements

which do occur, such as those made during opto-kinetic nystagmus [Montgomery et

1 See also Grobstein et al. [1980].
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Fig. § - Visual Field Maps in Frog.

Perimetric maps of anterior and posterior fields of view as measured for Rang
pipiens and Rana catesbieana showing the right and left eye’s visual field and the
region of binocular overlap. Reprinted by permission from Fite and Scalia [1976].
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al., 1982], are probably related to image stabilization. Without the ability to
binocularly converge the eyes there is no means by which a selected portion of the
image can be fixated at a known point on the two retinas. Consistent with their
lack of vergence, the eyes of frogs and toads have no distinct foveal area. Instead,
photoreceptors and the ganglion cells contributing to the optic nerve are distributed
relatively evenly (compared with higher vertebrates) over the retinal surface, as
shown in Fig. 6 (from Fite & Scalia [1976]).
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Fig. 6 - Retinal Receptor Density Maps.

These maps of receptor density show that there is no specialized foveal area on the
frog’s retina. Instead, recptor density is relatively evenly distributed over the entire
visual field. This is consistent with the fact that neither frogs nor toads have the
capability for making the vergence eye movements necessary for visual fixation.
Reprinted by permission from Fite and Scalia [1976).



Optic nerve projection sites

The optic nerves cross at the chiasm, sending most fibers to contralateral
diencephalic and mesencephalic brain regions [Scalia & Fite, 1974) Dense
retinotopically organized projections extend to the optic tectum with smaller
projections to several thalamic nuclei and to the basal optic naucleus. These
projections are shown in Fig. 7. The tectum is the major retinal projection site.
Projections to tectum are monocular, coming almost entirely from the contralateral
retina. However, within the thalamus the corpus geniculatum, nucleus of Bellonci,
posterior thalamic nucleus, and uncinate pretectal nucleus all receive binocular input.
Ipsilateral projections from the binocular visual field to these thalamic nuclei are as
dense as the contralateral projections (Fite & Scalia, 1976). Projections to sites in
the dorsal anterior thalamus and the basal optic nucleus are monocular. Beneath
the most anterior portion of the tectum, and thus not shown in Fig. 7, is the
largecelled pretectal nucleus which receives a monocular projection.

Although the optic nerve projection sites in thalamus are called “nuclei” they
would more accurately be labeled “retinal recipient neuropil.” They are actually
regions of dense synaptic comtact with the optic merve. Thalamic cell bodies send
dendrites into the nuclei to contact retinal ganglion cell axons. Few axons of
thalamic neurons extend into this region [Scalia & Fite, 1974].

Optic nerve terminations within the tectum are also far from the cell bodies
of the neurons with which they form synapses [Grisser & Grilsser-Cornehls, 1976).
These terminals all lie in the relatively cell-free superficial layers of the tectum.

Apical dendrites from cells in deeper tectal layers project into the superficial layers.



Fig. 7 - Optic Nerve Projection Sites.

(a) Diagram showing the labeling convention for the four quadrants of the eye:
temporal T (anterior visual field), dorsal D (inferior visual field), nasal N (posterior
visual field), and ventral V (superior visual field).

(b) Flattened sketch showing the left side of the brain and the major optic nerve
projection sites. C is the corpus geniculatum, B the nucleus of Bellonci, P the
posterior thalamic nucleus, U the uncinate pretectal nucleus, and X the basal optic
nucleus. The large egg-shaped structure to the upper right is the optic tectum.
Quadrant labeling is appropriate for projections from the contralateral (right) retina.
The corpus geniculatum, nucleus of Bellonci, posterior thalamic nucleus, and the
uncinate pretectal nucleus also receive ipsilateral projections. Note the mirroring of
tectal projections in the thalamic nuclei. Reprinted by permission from Scalia and
Fite [1974].



0e0800000v000




Here they intertwine with afferent fibers to form a glomerular structure.

Nucleas isthmi - a source of binocular input to tectum

Besides direct monocular projections from the contralateral eye each hemisphere
of the optic tectum receives an indirect projection from the ipsilateral eye. This
ipsilateral projection is visuotopically organized and in register with the contralateral
projection? Thus, that portion of the tectum devoted to the binocular visual field
receives a complete binocular  projection. The indirect ipsilateral projection
originates in the contralateral tectal hemisphere and is transmitted via the
contralateral nucleus isthmi. Neural pathways responsible for this projection have
been studied by Fite and Scalia [1976], Glasser and Ingle [1978], Gruberg and Udin
[1978], Gruberg and Lettvin [1980), Wang et al. [1981], and Grobstein and Comer
[1983]. Some of the efferent fibers from the tectum project to the ipsilateral nucleus
isthmi. This nucleus, in turn, sends its fibers to both the ipsilateral and the
contralateral tecta. The resulting connections yield the visuotopic mappings shown in

Fig. 8.

2 The notion of two retinotopic projections being in register implies the existence of
a surface in space, any point on which maps through both eyes to the same point
on the neural surface. In animals exhibiting vergence, this surface is called the
horopter and, being the surface of zero disparity, always contains the fixation
point. Frogs and toads do not exhibit vergence but nevertheless there is such a
surface. In Rana esculenta the horopter passes through the eyes, is circular in
cross section, and has a diameter of from 5 to 10 cm. in the longitudinal plane.
[Gaillard & Galand, 1980).



Fig. 8 - Retino-Tectal and Isthmio-Tectal Projections.

(a) The upper visual field is represented by arrows. These arrows are used in the
other illustrations to schematically represent projections of the visual field in neural
structures,

(b) This dorsal view of the tectum (caudal end upward) shows the projection of the
visual field formed by terminals of retinal ganglion cells.

(c) The nuclei isthmi are represented as shells in a view facing the rostral pole. M,
L, D, and V indicate medial, lateral, dorsal and ventral positions. The locations in
the contralateral tectum to which cells on the surface of the nuclei project are
shown by the corresponding arrows. Reprinted by permission from Gruberg and
Udin [1978].
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Binocular onits in tectom and thalamos

Electrode recordings have been made from binocularly active neuronal units in
both tectum and posterior thalamus. The discovery of units that respond to
stimulation from either eye shows that tectum and posterior thalamus are not only
sites for the reception of binocular stimulation but are also involved in the
integration of binocular information.

Since frogs and toads neither exhibit vergence mor have a distinct foveal area,
it is unlikely that their binocular depth resolution is based upon finely tuned
disparity sensitive units. If two eyes converge to fixate the same small region of
visual space on the foveas of their two retinas then the range of disparities to be
considered during binocular matching will be small and centered about zero. This
range is known as Panum’s fusional area (Panum, 1858). Without vergence the
range of disparities to be considered must cover not just those within a narrow
fusional area but must extend over a large portion of the retinal surface. Electrode
recordings within both tectum and thalamus confirm this supposition. Fite [1969),
and later Skarf and Jacobson [1974], recorded from binocular cells in deep tectal
layers.  These cells have large receptive fields (mean: 76°), and tend to be
multi-modal, responding to vibratory, tactile, and auditory stimulation as well as
visual stimulation. Brown and Marks [1977], recording in thalamus, demonstrated the
existence of similar multi-modal binocularly-sensitive units having even larger
receptive fields. Raybourn [1975], and Finch and Collett [1983] report other more
narrowly tuned binocular units in tectum. Both the tectal and thalamic binocular

units exhibit spike frequencies that indicate a summation of contralateral and
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ipsilateral stimulation, and thus they are responsive over a broad range of disparities.
This is in contrast to the excitatory/inhibitory interactions found in mammalian

disparity-tuned units [G. Poggio, 1979].

Efferent pathways from tectum and thalamus

Tectal efferent pathways ascend into the thalamus and descend to both the
nucleus isthmi and the brain-stem motor nuclei. In this study we will be most
interested in the descending pathways. Rubinson [1968] used fiber degeneration
techniques to trace the anatomy of these pathways in Rana pipiens. He found two
distinct descending paths. One path extends ipsilaterally to the lateral brainstem
tegmentum and the nucleus isthmi. The other path projects contralaterally to the
medial brainstem tegmentum and spinal cord3

Two major efferent pathways also project from the thalamo-pretectal region to
downstream brain regions. Ingle [1983] used horseradish peroxidase (HRP) staining
in bilaterally-tectal-ablated frogs to trace these two pathways from the pretectum into
the medulla. He found that an ipsilateral descending route converges with the
tectobulbar route through the medulla. A second route crosses the midline at the
ventrolateral boundary of the tegmentum and then runs down the ventromedial wall.
Later, by HRP backfilling, Ingle determined that a dense posterior medial cell group
in pretectum contributes to both the medial (crossed) and lateral (ipsilateral) paths,

and that a more lateral pretectal cell group contributes only to the ipsilateral path.

3 See also Corvaja [1981].



M

The pathways that descend to the brain-stem from both the thalamo-pretectal
region and tectum share a certain symmetry. In both cases there are ipsilateral as
well as crossed pathways. Cell layers closest to optic nerve terminals contribute
mainly to the ipsilateral pathways. Denser cell layers, farther from the terminals,
contribute to both ipsilateral and crossed pathways. Fig. 9 (from Ingle [1983]),
depicts these pathways. Besides showing the crossed vs. ipsilateral symmetry of the
pathways this figure indicates that the tectal crossed pathway passes the midline at
the ventral surface of the tegmentum. The pretectal pathway crosses the midline

caudal to the tectum in the area of the isthmus.

Functional Analysis of the Major Visuo-Motor Centers

Retina

Besides its obvious function as the visual receptor surface of the brain the
retina of frogs and toads plays a role in pattern recognition. Pattern selectivity
inherent in the retina was investigated in the frog earlier than in any other species.
In their pioneering study Lettvin et al. [1959] recorded from both the optic nerve
and the tectum of frogs, Rana pipiens, while moving objects on the inside of a
hemisphere which had been aligned with the optical axis of one eye. In this way
they were able to identify four distinct classes of retinal ganglion cell. Type 1,
sustained contrast detectors, have the smallest receptive fields (nominally 2 degrees)
and respond vigorously to a light-dark edge that is moved into the receptive field
and then held stationary. Type 2, net convexity detectors, have larger receptive fields

(7 degrees) and respond particularly well to small objects moving with respect to the
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Fig. 9 - Tectal and Thalamo-Pretectal Efferent Pathways.

Solid lines indicate descending motor pathways from tectum, dashed lines from
thalamus-pretectum (TPT). The most superficial tectal efferent layers (8 and D
project ipsilaterally (IP). Deeper layers (6) contribute to both ipsilateral and crossed
(C) pathways. Crossed tectal pathways pass the midline in the isthmial region.
Likewise, projections from TPT project ipsilaterally from sites near to optic nerve
terminals (L) with more distant somas (P) sending axons along both ipsilateral and
crossed paths. Crossed TPT fibers do not pass the midline until they are just
caudal of the tegmentum. Reprinted by permission from Ingle [1983].

background. Type 3, moving-edge detectors, respond to an edge moving through
their 12-degree receptive fields. Type 4, net dimming detectors, have the largest
receptive fields (about 15 degrees). Cells of this type respond to large dark objects
entering the receptive field or to a rapid reduction in general lighting level. The
discovery of these pattern selective units demonstrates that the retina must be

considered as a pattern discriminating device and not merely a light-gathering device.



Because of retinal pattern selectivity it is unlikely that visual stimulation in the
brains of frogs and toads consists of a fine-grained pattern that encodes retinal
illumination level. It is more likely that certain visual stimuli are emphasized and
other stimuli suppressed so that the total stimulation pattern is rather sparse.
Although Fischer [1973] has shown that it is possible to reconstruct a fine-grained
image from pattern-selective input in cats it is a matter of conjecture whether or not
frogs and toads utilize such a reconstructive process.

It is an oversimplification to state that the retina is capable of discriminating,
for instance, prey from barrier. However, this sort of sensory and functional

differentiation is observable in tectum and thalamus.

Functional differentiation between thalamus and tectom

There is extensive evidence associating the tectum with prey detection and the
thalamus with barrier detection. For instance, electro-physiological studies show that
tectal visual units all seem to be motion sensitive [Grilsser & Grilsser-Cornehls, 1976],
but there are at least two classes of thalamic units that are sensitive to stationary
stimuli. These are the blue-sensitive on units reported by Muntz [1962], and
stationary edge detectors reported by Ewert [1971), Brown and Marks [1977], and
Ingle [1980]. This difference between tectal and thalamic units suggests that these
two areas may be responsible for the processing of very different visual stimuli. In
particular, they implicate tectum in prey detection and thalamus in barrier detection.

Lesion studies confirm this supposition.
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Evidence found by Ingle [1977] during an optic nerve regeneration study
strongly implicates the tectum in prey recognition. In his experiment Ingle
performed unilateral tectal ablations in frogs and then allowed time for the optic
nerve to regenerate to the opposite tectal surface. Frogs “rewired” in this way
would respond to prey dummies presented in the visual field contralateral to the
ablation as if they were in the opposite field. Their wrong-way turning and
snapping was calibrated with the position of the prey in the visual field — the more
eccentric the target the greater the amplitude of the misdirected turn.

The behavior of Ingle's “rewired” animals in the presence of barriers
strengthens the argument that barrier navigation is not tectally mediated. These
animals showed strong dissociation of function between orientation to prey and
navigation around barriers. With a barrier placed in the unaffected visual field and
a prey in the affected field, these frogs initiated turns around the barrier as if the
prey were behind the barrier. With the sides of prey and barrier reversed the same
animals made normal orientation turns toward the prey, ignoring the barrier in the
opposite visual field.

In experiments with atectal frogs, Ingle [1982] was again able to demonstrate
the division of function between thalamus and tectum. Bilateral tectal ablation
abolished both orienting and prey catching responses. However, the same animals
were still completely reliable in clearing barriers to avoid noxious tactile stimulation.
Their behavior was such as to just clear the barrier edge, whereas intact animals

invariably turned away from the threat.



Evidence for depth perception In thalamus

Ingle [1982] also showed that his atectal frogs were able to discriminate the
depth of barrier surfaces during avoidance behavior. Fig. 10 shows the experimental
design which he used to demonstrate this. An opaque barrier placed around the
frog’s head had one opening, through which could be viewed a series of vertical
bars placed on a surface several inches behind the enclosure. Near this opening was
a similar configuration of vertical bars, but these bars were placed on the surface of
the enclosure. The bars in this second set were calibrated so that their size and
spacing would appear to be identical to the bars visible through the opening.
During avoidance trials the frogs preferred the real opening as an escape route,
rarely orienting towards the false opening. This experiment clearly showed that
frogs can discriminate the depth of surfaces without the use of tectum. Since it

receives binocular innervation the thalamus is implicated in this discrimination.

Motor pathways from tectum and thalamus

Studies of the pathways descending from both tectum and thalamus not only
confirm the thesis segregating prey detection to tectum and barrier detection to
thalamus but also give some indication of the types of motor activity controlled by
these two areas. Studies by both Ingle [1983] and Grobstein et al. [1983] showed
that the crossed and uncrossed tracts descending from both the thalamo-pretectal
area and the tectum perform distinctly different functions.

The crossed pathways from tectum have been implicated in the orienting
response. Ingle [1983] investigated the effects of severing the crossed descending

pathways from tectum by lesioning the ansulate commissure at the ventral surface of



Fig. 10 - Depth Vision in Atectal Frogs.

A barrier placed around a frog had one panel through which was cut an opening.
A grid of vertical stripes affixed to a second barrier several inches behind the first
one could be viewed through the opening. Another panel had a false opening
which consisted of a grid of vertical stripes placed directly on the barrier's surface.
The size of the false opening was the same as the real opening. The width and
spacing of the stripes on the false opening were scaled to match those perceived
through the real opening. Even after total tectal ablation, frogs would aim for the

true opening to escape noxious stimulation. Reprinted by permission from Ingle
[1983].
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the tegmentum. Frogs prepared in this way were highly motivated to strike at prey
but could not orient towards their prey. Snaps were always straight ahead. For
more distant prey they hopped forward, again without the usual orienting response.
However, for prey positioned above the head they were able to make the
appropriate vertical movements.

If the crossed descending tract from the pretectal area is severed, frogs lose
their ability to sidestep around barriers. Ingle transected the crossed fibers from
pretectum by splitting the isthmus. These frogs retained their ability to turn towards
prey. However, they were unable to turn or sidestep to negotiate barriers.

Frogs with severed crossed pretecto-fugal pathways show a motor but not a
sensory deficit. For example, although a tail pinch would send them crashing into a
barrier if it crossed the midline by more than 15 degrees, the same animals were
able to round a barrier to catch prey if the barrier edge was on the midline, so
that a sidestepping movement was not required. Also, the lesioned animals would
consistently suppress strikes toward prey located behind a frontal barrier.

The evidence from his lesion experiments led Ingle to make the following
functional description of the crosed and uncrossed tecto- and pretecto-fugal
pathways. First, the uncrossed (ipsilateral) pathways are involved in symmetric motor
behavior, i.e. snapping or walking straight ahead or moving the head and body
vertically. Thus, the ipsilateral tectal pathways govern strike vs. no-strike activity
and the ipsilateral pretectal pathways govern whether or not to avoid a barrier
surface. The crossed pathways, on the other hand, govern onesided or asymmetrical

movements. For tectum they direct tuming or orienting movements towards prey,
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and for pretectum they govern sidestepping or turning around barriers.

Depth perception dissociated from orlentation

Ingle’s experiments with split-tegmentum frogs also showed that these animals
retain their ability both to estimate depth and to use this depth information to
regulate their behavior. Frogs will snap at a prey if it is within a frontal “snap
zone,” but prefer to hop towards a prey if it is located beyond this zone (Ingle,
1982]. Ingle’s split tegmentum frogs would not turn towards prey; all snaps were
straight ahead. However, even though they could not aim correctly these frogs
would still snap when a prey was located anywhere within the snap zone and hop

forward when a prey was located outside of the snap zone.

Motor activity and tectal retinotopy

Early evidence indicated that the tectum directed motor output and that it did
this in a retinotopically organized way. By means of electrode stimulation in tectum
Ewert [1971] was able to elicit typical prey catching mponm that were consistently
directed at the spatial location predicted from the organization of the retinotectal
map.

However, Grobstein et al. [1983] found that the motor pattern generators
underlying the prey catching behavior of frogs do not reside in tectum. They found
that although tectal lesions abolish visually elicited orientation responses, orientation
to tactile stimuli is preserved. Conversely, lesions to lateral torus semicirculus abolish
tactilely induced orientation while sparing visually induced orientation. Thus, they

concluded that the motor pattern generators must reside in a brain region that



2

receives input from both tectum and torus.

In the same series of experiments Grobstein et al. also found that although
visual input to tectum is retinotopically organized this retinotopy is not preserved in
the tectal output. Small lesions which cut across part of the tecto-motor neuraxis
did not produce the expected orientation scotomas. Instead, frogs with these lesions
tended to undershoot the stimulus position when orienting to a stimulus contralateral
to the lesion. However, even though they lost accuracy the lesioned animals
continued to be able to initiate orientation turns to all angular directions. It was
not until the neuraxis was completely severed that orienting responses contralateral to
the lesion were abolished. If a retinotopically organized map from tectum to motor
output did exist, the lesions to the neuraxis would have had distinct local effects
throughout the affected hemifield. Instead, the effect appeared to be distributed,
with the number of intact fibers governing accuracy over the entire region.

The idea of a retinotopically organized map from tectum to motor output was
even more seriously challenged by a second experiment [Grobstein et al., 1983]. In
this experiment both a unilateral tectal lobe removal and a hemisection of the
neuraxis were performed. Thus, when the tectal removal and hemisection were done
on the right side, tectal activity from the left eye’s visual field was destroyed and
the crossed descending pathway from the left tectal lobe was also severed. The only
descending tectal pathway remaining intact was the uncrossed ipsilateral pathway on
the left side (refer to Fig. 9). As would be expected, these animals could not make
visually elicited turns to the side ipsilateral to the lesions. However, they were able

to make turns to the side contralateral to the lesions but only in respomse to an
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ipsilaterally located stimulus. The amplitude of the wrong-way turn could be
increased by placing the stimulus at a more eccentric position in the opposite visual
field. The fact that these unitectal animals could elicit turns into the visual field
covered only by the ablated tectal lobe makes it highly unlikely that each tectal
locus can be associated with a turn of a particular direction.

The argument that orientation turning cannot be topographically organized can
also be made from considerations of visuo-motor geometry. Since the body turning
axis is offset from the origin of an eye-centered coordinate system, various
orientation responses are appropriate for a single retinal location. Fig. 11 from
Grobstein et al. [1983] demonstrates this point. Objects A, B, and C all stimulate
the same retinal locus and thus the same tectal position. However, with the body
turning axis placed on the midline but behind the plane of the pupils, A results in
a right turn, B in no turn, and C in a left turn. This ambiguity in relating turn
direction to tectal topography can only be resolved by considering target depth as

well as angular position.

Summary of the frog/toad visnal system
In our discussion of the visual system of frogs and toads we have made the
following points:
1) frogs and toads make use of depth vision to locate both prey and barriers,
2) they utilize both binocular and monocular depth cues,
3) monocular depth cues are from lens accommodation,
4) there is a substantial region of binocular overlap in the visual field,

5) there are retinotopically organized visual maps in both thalamus and tectum,
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Fig. 11 - Orientation Must be Spatially Directed.

Various orientation responses (arrows) are possible for a single retino-tectal location.
This is due to the dislocation of the body-turning axis (origin of arrows) from an
eye~centered coordinate frame. Points A, B, and C all stimulate the same retinal
position but the appropriate orientation turn for the frog is a right turn for A, no
turn for B, and a left turn for C. The conclusion is that orientation turning must
be spatially directed and not directed by retinal position alone. Redrawn by
permission from Grobstein et al. [1983].
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6) the visual maps cannot be assumed to represent local illumination level, since
the visual input to the brain is feature-encoded,

7) both tectum and thalamus receive binocular visual input and both have
binocularly activated neuronal units,

8) tectal binocular input is via an indirect relay in nucleus isthmi but thalamic
binocular input is direct,

9) tectum is implicated in the recognition and localization of prey and thalamus is
implicated in the detection and localization of barrier surfaces,

10) retinotopy may not be preserved in the efferent pathways from tectum,

11) orientation turning depends upon the depth of a target as well as the position to

which it projects in tectum.

Modeling Depth Perception in Frogs and Toads

Four assumptions made in the depth models discussed earlier are inconsistent
with the data on the visual system of frogs and toads. Three of these assumptions
have to do with the nature of the images available to the depth resolving system.
These are assumptions of 1) vergence, 2) static images, and 3) dense images. The
fourth assumption is more fundamental. It is the assumption that 4) the model’s
purpose is to produce a complete depth-mapping of the image surface.

All of the depth models are based on the assumption that the image pair to
be processed has been obtained from an imaging system with the capability of
vergence. Due to vergence the disparities in the image will be small and centered

about zero. Thus, the matching algorithm can be constrained to consider only those
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matches that lie within a parrow disparity range and the smaller disparities can be
weighted more heavily than the larger ones. Since frogs and toads do not
demonstrate vergence this is an inappropriate assumption for a model of their
process of depth perception.

Since the models operate on a static image pair, the only available depth cues
are those that can be obtained directly from these images. Any active process that
a functioning animal might utilize to explore its visual surroundings cannot be
considered. This restriction explicitly rules out treatment of depth cues that could
come from motion parallax due to eye or head movements, change in image size
during approach, or change in image focus due to lens accommodation. It is known
that frogs and toads use lens accommodation as part of their depth perception
process. Thus, at least this active process must be incorporated in the model.

The models also depend upon there being intensity variations between
neighboring picture elements across most of the image surface. For example, most
of the models were tested using either random-dot stereograms or digitized
photographs. It is not clear that any of the proposed mechanisms would be
appropriate for producing a depth map from the more sparse feature-encoded
visuotopic maps available to frogs and toads.

Finally, all of the previous depth models were designed to build a
visuotopically organized depth map. None of these models consider the end use of
the depth information which they produce. The intent in developing these models
was to provide a general solution to the binocular depth resolution problem and

not to design an algorithm that could be integrated into the activity pattern of a
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specific animal. In our study of depth perception we wish to define algorithms
which, even at the expense of generality, are consistent with both the known
behavior and neural substrates of frogs and toads.

A recent series of experiments by Collett and Udin [1983] challenged the idea
that a depth map, produced in tectum, supplies the depth information necessary for
prey catching. They were able to demonstrate that toads with large electrolytic
lesions to nucleus isthmi, and thus deprived of binocular input to tectum, were still
able to use binocular cues to judge prey depth. Collett and Udin’s lesioned animals
were as accurate as controls in snapping at a single prey, and when base-out prisms
were placed in front of their eyes the lesioned toads made the undershooting errors
predicted for binocular depth estimation.

We have defined some of the constraints that guided our efforts at modeling
depth perception in frogs and toads. In the remaining chapters we develop two
quite different models guided, more or less, by these constraints. Finally, we
contrast the models and show how the actual depth perception process might make
use of elements of both models. The first of these models does make use of the
concept of a general depth map. It falls naturally in the family of models discussed
at the beginning of this chapter. It uses cooperative computation to build its depth
maps using both binocular disparity matching and lens accommodation as depth cues.
An important feature of this model is that it can work both with and without
binocular depth cues. The second model avoids the use of a depth map and
instead provides the spatial location of a single point in the visual field. This

model is much more specific about the interaction of binocular and lens



accommodation mechanisms. It represents this interaction as part of an

action-oriented feedback control loop which is specialized to prey capture.

Conclusions

Our comparison of the anatomy, physiology, and behavior of frogs and toads
with a series of recent models of binocular depth perception has shown that mone of
these models can adequately represent the depth perception process in frogs and
toads. We have noted that a successful model 1) must not depend upon vergence;
2) must be able to account for the use of active processes, particularly lens
accommodation; 3) must be able to operate on sparse images; and 4) must not
depend upon a tectal depth map. Our discussion of the visual system of these
animals argues that 1) the process used to estimate the depth of barrier objects
might be very different from that used to estimate the depth of prey, 2) prey depth
discrimination is tectally mediated whereas barrier depth is determined in thalamus,
and 3) both binocular and monocular (from lens accommodation) depth cues are

used in prey depth determination.



CHAPTER Im

INTERACTION OF ACCOMMODATION AND DISPARITY CUES

Summary

In this chapter we introduce a model of depth perception that explores one
way in which lens accommodation cues can be used to help disambiguate the
correspondence problem of stereopsis. The model conforms to the constraints and
assumptions of previous cooperative stereo models but extends their computational
strategy. It consists of two cooperative depth discrimination processes, each acting to
build a depth map, with one process receiving monocular depth cues based on
accommodation and the other receiving binocular depth cues based on disparity.
Mutual excitatory connections between the maps allow the model to converge to a
single solution, whose accuracy is governed by binocularity. The model will also
function in a purely monocular mode if binocular input is removed.

Although the model is of general interest as an extension to the class of
cooperative stereo models, it was originally developed to explain how frogs and toads
can do binocular depth perception without the use of cues from vergence,
Neurophysiological data on the visual system of frogs and toads are used to
constrain the choices available in constructing the model, and results obtained from

simulation runs are compared with data from behavioral experiments with these

animals,
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Introduction

The problem of the computation of a depth-map from the binocular
correspondence of disparate retinal images is complicated by the potential for
ambiguity in the process of pairing local features. Fig. 12 shows the simplest
example of this ambiguity. Because of ambiguity a system for stereoscopic
depth-perception must have sources of disambiguating information.

In Chapter 2 we showed that most sources for disambiguating cues proposed
in previous models of stereoscopic depth perception come either explicitly or
implicitly from the assumption of binocular convergence. For example, in their
cooperative stereo algorithm, Marr and T. Poggio [1976] bias the selection process by
considering only matches that lie within a narrow (6 pixel) range of horizontal
disparity before resorting to cooperativity between nearby points. Hirai and
Fukushima [1978] follow a similar scheme but make an even more explicit
assumption of vergence. Their model weights matches in a way which gives
preference to those with the smallest disparity. In addition, it incorporates an
ordering rule, clearly dependent upon vergence for correctness, that enforces a global
consistency among matched points. More recent models, employing spatial-frequency
tuned channels to assist the matching process [Marr & T. Poggio, 1979; Frisby &
Mayhew, 1980], continue to rely on the assumption of vergence.

Unlike these previous studies, which take the mamallian visual system as a
guide, we use the visual system of frogs and toads as our point-of-reference.
Because frogs and toads do not move their eyes to fixate prey {Ewert, 1980] the

range of binocular disparities that they must consider cannot be confined to a
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L and R represent left and right retinal surfaces, filled circles are pupils, lines
indicate lines-of-sight. The pair of spatial points (A, B) cannot be distinguished
from the pair (C, D) of “ghost” targets by simply considering the positions of
stimulation on the two retinal surfaces.
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narrow fusional area [Panum, 1858] but must extend over a large portion of the
image surface. Consistent with this fact, binocular visual units in both the thalamus
and tectum of frogs and toads appear to sum ipsilateral and contralateral input over
broad receptive fields [Fite, 1969; Raybourn