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A real-time visual processing theory is used to provide a new approach to the analysis of
surface perception. notably shape-from-shading. The theory elsewhere has been used to
explain data about boundary detection and completion. textural segmentation. depth percep-
tion. color and brightness perception. and striate-prestriate cortical interactions. Neural
netv{ork interactions within a multiple scale boundary contour (BC) system and feature
comour (FC) system are used to explain these phenomena. Each spatial scale of the BC system
comains a hierarchy of orientationally tuned interactions. which can be divided into two
successive subsystems called the DC filter and the CC loop. The DC filter contains two
successive stages of oriented receptive fields which are sensitive to different properties of image
contrasts. The DC filter generates inputs to the CC loop. which contains successive stages of
spatially short-range competitive interactions and 'patially long-range cooperative interactions.
Feedback between the competitive and cooperative stages synthesizes a coherent. multiple
Scall~ structural representation of a smoothly shaded image. called a boundary web. Such a
bOUlldary web regulates multiple-scale filling-in reactions within the FC system which generate
a pe:rcept of form-and-color-in-depth. Computer simulations establish key properties of a
boundary web representation: nesting of boundary web reactions across spatial scales. coher-
ent completion and regularization of boundary webs across incomplete image data. and
relative insensitivity of boundary webs to illumination level and highlights. The theory clarifies
data about interactions between brightness and depth percepts. transparency. influences of
highlights on perceived surface glossiness. and shape-from-texture gradients. The total network
suggests a new approach to the design of computer vision systems. and promises to provide a
univ~rsal set of rules for 3D perceptual grouping of scenic edges. textures. and smoothly
shaded regions. t: 1987 Academic Press. Inc.

1. THE PROBLEM OF MODELING SURFACE PERCEPTION

The perception of surfaces is arguably the single most important competence of
the visual systems of terrestrial mammals. The ground that affords support for
locomotion and the bodies of predators, prey, and conspecifics are bounded by
surfaces of various shapes and appearances. The state of scientific understanding of
the pr04;esses of surface perception, however, is such that few if any pages are
devoted to the subject in many textbooks on visual perception. A number of recent
experimental studies have examined important aspects of surface perception. but as
yet no coherent psychological theory with broad explanatory power has emerged.
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Moreover, as we will argue later in this paper, many of the computational models
of surface p.~rception to date have failed to solve or in some cases even identify
some of the most fundamental problems in dealing with surfaces. As a result, these
models lack both biological plausibility and the capacity to be readily implemented
in functional, real-time vision machines. The present article begins to extend a
rapidly growing, neurally based theory of 3D form perception to the domain of
surface percf:ption.

For decades before the subject became fashionable, Gibson studied the percep-
tion of surfac:es and their properties. If his only contribution had been to emphasize
the importance of gradients, whether of motion parallax, luminance, or textural
properties, to the perception of surfaces, that contribution would by itself have been
important [22]. A major goal of this paper is accordingly to introduce and analyze
the notion 4» a boundary web, wherein the same mechanisms responsible for
detecting dis.:rete luminance or textural boundaries are also capable of synthesizing
form-sensitive compartments, or dynamically generated coordinate systems, in
response to static scenic gradients.

Gibson, h4)wever, studied more than gradients, going on to identify up to nine
surface proplerties accessible by the visual and haptic systems [24, 69]. These nine
properties, irlcluding several relating to surface reflectance, illumination conditions,
and the relative transparency, opacity, or luminosity of surfaces, are deemed to be
perceivable !;irnultaneously with the shape or form or, as Gibson preferred, the
layout of surfaces. The present paper will not address all of the phenomenological
richness. of Gibson's classification. We will, however, present a mechanistically
plausible theory which takes seriously the need to provide a coherent account of
how Wf: can.. in different but in equally real ways, perceive both the structural,
shape-related! properties of surfaces, and the more evanescent modes of surface
appearance. lOur theory is a natural one for such a development in three dimensions
(3D), becau~~ its analysis of boundary completion and textural grouping has already
led to tile articulation of the analogous distinction in two dimensions, namely that
of seeing contrast in luminance or hue versus recognizing form or pattern [35, 37].

With this addition, the theory has been shown competent to analyse perceptual
data ablout !,urface perception, boundary completion, textural segmentation, mo-
tion-induced segmentation, stereopsis, hypercuity, monocular and binocular bright-
ness perception, binocular rivalry, McCullough effect, border distinctness, lateral
inhibition within spatial frequency channels, control of object superiority effect by
emergent felltures, metacontrast, transparency, stereoscopic capture, and illusory
features. In addition, the theory has suggested explanations and a number of new
predictions 21bout the organization and reciprocal interactions among the hypercol-
umns, Iblobs, and stripes of the visual cortical areas VI, V2, and V4, and has
successfully :predicted several recently discovered perceptual and neural phenomena
[15, 16, 34-~i7],

Our analyses of these phenomena have led to a qualitatively new computational
theory of how visual systems are designed, including the identification of several
new uIlcertamty principles which visual interactions are designed to surmount.
These developments have led to a number of revolutionary conclusions, whose
paradoxical nature is best perceived when they are expressed simply and without
technical ca'reats or interpretations. These conclusions include: All boundaries are
invisible. All line ends are illusory. Boundaries are formed discontinuously. Orienta-
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tionalty fuzzy computations are the basis for orientationally sharp segmentations.
Positionally fuzzy computations are the basis for positionally sharp percepts of
3-dimensional space.

This paper is divided into two parts. The first part describes the issues to be
probed and briefly reviews our previously existing theoretical machinery. The
second part extends the theory to cope with surface perception of shaded images.
The main goal of this paper is to outline this neurally based theory of the perception
of surfaces, including the process of deriving shape from shading. Because what we
take to be the explanatory requirements of such a theory differ from the require-
ments of most computational models, Section 2 describes some criteria that we hope
to mel~t in a fully developed theory of surface shape and quality perception. Section
3 then reviews several important computational models for recovering shape from
shading, and criticizes them from the standpoint of the criteria articulated in Section
2. In ~;ection 4 we examine some of the perceptual data on perception of .solid shape
from :;hading, in the light both of theoretical criteria and of predictions from the
computational models, Section 5 begins to summarize key aspects of our theory as it
has already been developed to deal with real-time boundary detection and textur:al
segmelltation phenomena. This brief review of our theory leads to a discussion
explicitly linking previously described mechanisms and concepts to the requirements
of the extended theory as it treats surface perception. Several types of perceptual
data are reanalysed from this perspective. The results of computer simulations of
boundary webs are presented in Sections 13, 21, and 22.


