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Human Percepuon and Performance

of Optical Texture
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The research described 1 the present article was designed to investigate how patterns of opticat
texture provide information about the three-dimensional structure of objects 1n space Four experl-
ments were performed in which observers were asked to judge the percerved depth of simulated
ellipsoid surfaces under a variety of experimental conditions. The results revealed that (a) judged
depth increases inearly with simulated depth although the slope of this relation vares signaficantly
among different types of texture patterns (b) Random variations in the sizes and shapes of indvidual
surface elements have no detectable effect on observers’ judgments (c) The perception of three-
dimensional form 15 quite strong for surfaces displayed under parallel projection, but the amount of
apparent depth 15 shghtly less than for identical surfaces displaved under polar projection {d) Finally,
the perceved depth of a surface 15 eliminated if the optical elements in a display are not sufficiently
elongated or if they are not approximately aligned with one another A theoretical explanation of
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these findings 1s proposed based on the neural network analysis of Grossberg and Mingolla

Human observers have a remarkable ability to obtain 1nfor-
mation from visual shmulation in order 1o percerve the layout
of surfaces 1n the surrounding environment. In natural vision,
a perceived surface can be redundantly specified by many
different aspects of optical structure. The present experiments
were designed, however, to examine one small component of
this overall process—namely, the perception of three-dimen-
sional form from patterns of optical texture.

The concept of texture in the study of visual surface percep-
tion was introduced almost 40 years ago 1n a classic series of
articles by James Gibson (1947, 1950a, 1950b). Gibson ob-
served that most of the surfaces encountered 1n nature have
characteristic patterns of reflectance called surface texture,
which, when illuminated by ambient hght, produce cychc pat-
terns of luminance called optical texture at a pomt of observa-
tion It 1s useful to conceive of these two types of texture as 1f
they were composed of elementary units. The elements of sur-
face texture can be thought of as bounded regions of one reflec-
tance surrounded by a background of some other reflectance,
whereas the elements of optical texture can be portrayed sim-
ilarly as bounded regions of homogeneous luminance sur-
rounded by a background of some other luminance (cf. Todd,
1984).! Because variations 1n luminance within a cone of visual
solid angles are directly influenced by variations in reflectance
on a visible surface, the elements of surface texture and optical
texture are typically 1in one-to-one correspondence. It 1s impor-
tant to keep 1n mind, however, that their overall patterns of orga-
mzation are generally quite different because of the effects of
perspective.
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In hus original analysis, Gibson assumed that patterns of sur-
face texture are stochastically reguiar, so that the texture ele-
ments within equal regions of a given surface have comparable
distributions of size, shape, and density. Whenever this assump-
tion 1s satisfied, he argued, the structure of a surface 1n three-
dimensional space can be unambiguously specified by its corre-
sponding pattern of optical texture. In order to understand why
this 1s so, it 1s useful to consider a planar cross section of the
cone of visual solid angles (1.e., a picture plane). Suppose that a
surface 15 covered wath small circular dots. Although the sizes
and shapes of these dots in three-dimensional space may be
wdentical, their projected sizes and shapes on the picture plane
will vary as a function of two physical varables: (a) the distance
of the surface from the point of observation and (b) its orienta-
tion in depth relative to the line of sight (see Figure 1). This
systematic variation 1n the sizes and shapes of the optical tex-
ture elements provides potential information about an object’s
three-dimensional form,

The ability of human observers to make use of texture infor-
mation was first investigated by Gibson (1950a). The stimuh 1n
this experiment were created by photographing a series of regu-
lar and irregular texture patterns from varying orientations {see
Figure 2). Human cbservers viewed each photograph through
an aperture in order to ehiminate ather possible sources of infor-
mation (e.g., motion, disparity, accommodation or differential
blur) and were asked to judge the percerved orientation of the
depicted surface by using an adjustable palmboard As ex-
pected, the patterns of optical texture within each photograph
produced a strong impression of a physical surface oriented 1n

! Gibson would probably not have approved of this working definttion
of a texture element, because 1t does not take into account the hierarchi-
cally nested structure of natural textures An alternative analysis using
fractal functions has recently been described by Pentland (1983), in
which 1t 1s demonstrated that this nesting of structure 15 a potentially
nich source of visual information



FORM FROM TEXTURE 243

NN DAY

5@65

Figure 1 The effects of viewing distance and surface orientation on the
polar projection of a circular texture element (The columns from left
to right depict viewing dastances of 1, 2, 3, and 4 circle diameters, re-
spectively The rows from top te bottom depict slant angles of 0°, 25°,
50°, and 75°, respectively The projected center of each circle 15 repre-
sented by the point where the hortzontal and vertical lines intersect The
center point appears displaced 1n the projections of slanted circles at
close viewing distances because of the convergence effects of linear per-
spective )

depth There was, however, a systematic tendency to underesh-
mate the “true” slants of the depicted surfaces, which, consis-
tent with the assumption of stochastic regularity, was signifi-
cantly greater for the irregular texture patterns

The first computational analysis of texture information was
performed by Purdy (1958) 1n a doctoral chssertahon done un-
der Gibson’s direction. The goal of this analysis was to demon-
strate mathematically how the stant of a planar surface relative
to the line of sight could be visually specified by 1ts correspond-
ing pattern of optical texture. The analysis considered four
types of variation among optical texture elements that could
potentially be informative: gradients of size (1.¢., length), gradi-
ents of compression (1.e., width/length), gradients of conver-
gence (1.e., linear perspective), and gradients of density (1.€., the
number of texture elements per umt sohid angle). Purdy was
able to show that all four of these gradients provide equivalent
information (cf. Braunstein & Payne, 1969). In each case the
slant ¢ of a planar surface relative to the line of sight 15 optically
specified by the general equation

8 = arccot (G/k),

where G 15 the particular gradient being analyzed and k 1s a
constant specific to that gradient.
During the 1960s, a considerable amount of research was

performed 1n an effort to determine the relative importance of
these gradients for human perception (see Braunstein, 1976, for
an excellent review). The most common procedure for achiev-
g this goal was to obtain observers’ slant judgments for visual
displays 1n which different gradients provide conflicting infor-
mation.. The general patiern of results 1n these experiments re-
vealed that for displays composed of granular texture patterns,
the gradients of s1ze and compression have a greater effect on
observers’ slant judgments than do gradients of density, For das-
plays containing converging line segments, however, the gradi-
ent of convergence (1.e., linear perspective) tends to dominate
all other forms of texture information.

Perceptual Analysis of Curved Surfaces

Although most of this early research on the perception of sur-
face slant from patterns of optical texture remained generally
faithful to Gibson’s original conception, he eventually dis-
avowed it as he began to consider the more general problem of
percerving surface layout. His reasons for this change of view
are clearly stated 1n the following passage from The Ecological
Approach to Visual Perception (1979).

What was wrong with these experiments? In consideration of the
theory of layout, we can now understand 1t 1 had made the
mistake of thinking that the experience of the layout of the environ-
ment could be compounded of all the optical slants of each piece
of surface 1was thinking of slant as an absolute quality, whereas 1t
15 always relanve Convexities and concavities are not made up of
elementary 1mpressions of slant but are instead unnary features of
the layout (p 166)

A simular argument was later proposed by Cutting and Mil-
lard (1984) They noted that visual information about optical
slant is probably of little use in a natural environment. Con-
sider, for example, the optical slant for a planar support surface.
It 15 perpendicular to the line of sight at one’s feet, but it grades
unifermly to the horizon, where 1t becomes parallel to the hne
of sight. Like Gibson, they suggested that the overall curvature
or flatness of a surface 1s a more relevant property for the per-
ception of object shape than 15 optical slant. They also per-
formed an important series of experiments 1n which they mea-
sured observers’ sensitivity to surface curvature from patterns
of optical texture (see also Todd & Mingolla, 1983)

Figure 2 Two of the texture patterns used by Gibson (1950a) From
“The perception of visuat surfaces” by J 1 Gibson, 1950, American
Journal of Psychology, 63, p 377 Copyright by Umversity of Hlhinois
Press Reprinted by permission (Each pattern depicts a planar surface
ata40°slant)
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Not all researchers, however, have been so quick to abandon
a model of surface perception based on local estimates of depth
and/or onientation. For example, a more classical approach to
the perception of shape from texture has recently been pro-
posed by Stevens (1981). According to Stevens, the main prob-
lem for this type of analysis 1s that most properties of optical
texture vary with both depth and orientation and therefore can-
not provide an unambiguous measure of either one. There are
some exceptions, however. Note in Figure 1 that the lengths of
the optical texture elements vary systematically with surface
depth but remain relatively stable with changes in surface orien-
tation The compression (1.e., width/length) of the elements
shows a complementary pattern—that 1s, 1t varies with surface
orientation but remains relatively stable with changes in depth.
According to Stevens, these two complementary sources of in-
formation are 1deally suited for the perception of three-dimen-
sional form Local values of surface depth and onentation
could be estimated directly from element lengths and compres-
sions, without having to detect any type of texture gradient as
originally suggested by Grbson.

A number of straightforward predictions follow from this
analysis. It 1s important to keep in mind, for example, that the
proposed method for estimating local surface depth 1s based on
a rather strong assumption that the elements of surface texture
on an object are of constant size Whenever this assumption 1s
violated, the length of an optical texture element must be deter-
mined by both the size and depth of its corresponding surface
element. Because optical element length would no longer be a
pure measure of local surface depth, we would expect the accu-
racy of observers’ depth judgments to be significantly dimin-
ished. The analysis also assumes that an observed surface 1s
viewed with a igh degree of polar perspective If the viewing
distance were sufficiently large to approximate a parallel projec-
tion, then the lengths of the optical texture elements would be
completely independent of variations in depth, and an observ-
er’s ability to judge depth from texture should be eliminated
altogether.

With respect 1o the estimation of local surface orentation,
Stevens’ analysis assumes that the elements of surface texture
have an approximately circular symmetry This assumption can
be violated 1n several ways, but, as previously noted by Witkin
(1981}, the perceptual effects should be particularly severe
when the surface elements are elongated Figure 3 shows the
optical projection of an ¢longated rectangular surface element
that has been rotated 60° relative to the fronto-parallel plane 1n
three different directions. The angle formed between the surface
element and the fronto-parallel plane 1s referred to as slant,
whereas the angle of the rotation axis within the fronto-parallel
plane 1s referred to as 21/t Note in the figure that the optical
effects of changes in orientation are anisotropic—that 1s, when
a surface element 1s elongated, both the length and compression
of 1ts corresponding optic element vary with the direction of
tilt. Because the length of an optic element 1s no onger a pure
measure of depth and the compression of an optic element 1s
no longer a pure measure of slant, it 1s reasonable to expect
that . bservers’ judgments of three-dimensional form should be
sigmficantly :impaired.

Although 1t may at first appear that the limitations of this
analysis are much too restrictive to be taken seriously as a

Figure 3 The optical projection of an elongated rectangular surface ele-
ment at a 60° slant (From left to right the depicted tilts relative to the
horizontal are 0°, 45°, and 90°, respectively )

model of human perception (see, however, Stevens, 1984), there
are almost no data available to make a clear-cut assessment of
its psychological vahdity, especially with regard to the percep-
tion of curved surfaces. The present senies of experiments be-
gan, therefore, with an empirical test of the three predictions
described above Observers’ judgments of perceived depth were
evaluated for computer-simulated elhpsoids of varying eccen-
tricaty. The surfaces could be displayed with either parallel or
polar perspective; the sizes of the stmulated surface elements
could be constant or vaniable, and the shapes of the surface ele-
ments could be square or elongated.

Experiment 1
Method

Subjects  Six Brandeis University graduate students volunteered to
participate in the experiment. None of the observers was farmihar with
the theoretical 1ssues being investigated or the specific details of how the
displays were generated

Stumul: Images were generated by using an LSI-11/23 microproces-
sor and displayed on a Terak 8600 graphics system The displays were
observed through a viewing hood lined with black nonreflecting felt,
which extended 38 1 cm from the screen Thus assured monocular view-
1ng and ehminated extraneous shmulation from other parts of the labo-
ratory. The stumul were presented within an 18 X 25-cm rectangular
window of the display screen The spatial resolution within this viewing
window was 480 X 640 pixels Thus, each pixel had a vertical and hon-
zontal extent of approximately 0 038 cm, producing a visual angle of
about 3.5 min

All of the stimulus displays depicted ellipsoid surfaces of varying ec-
centricity The virtual ellipsoids were defined and posihoned 1in 3-D
space 1n such a way that upon projection onto the center of the display
screen, each surface created an i1dentical circular boundary with a ra-
dius of 7.8 cm Two of the semi-axes of each ellipsoid were parallel to
the display screen, while the remaining “depth” axus was perpendicular
The length of the depth axis could be manipulated so that the ssmulated
protrusiveness of the visible pertion of the surface could have possible
values of 3.75¢cm, 7 5cm, 11 25 cm, 150 cm, or 18 75 cm. These sur-
faces will be referred to by their ordinal depth values numbered |
through 5, respectively The self-occluding boundary of the surface that
determined the outer contour of its optical projection was always lo-
cated 1n the plane of the display screen

The simulated distance between a hypothetical observer and the dis-
play screen was also mamipulated In the ugh-perspective (polar) condi-
tion, the simulated viewang distance was 41 2 cm, producing a polar
projection of the surfaces Noie that this closely approxamated the ac-
tual viewing distance, assuming that the observers positioned their eyes
a small distance away from the end of the viewing hood In the Jow-
perspective (parallel) condition, the ssmulated viewing distance was 380
cm, thus approximating a parallel projection of the surfaces

Texture elements were randomly distributed over each virtual surface
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Figure 4 Examples of sumul: used 1n Experiment 1 (Clockwise from
the upper left are a #1 surface from the polar regular condition, a #5
surface from the polar regular condition, a #5 surface from the parallel
regular condition, and a #5 surface from the polar irregular condition )

1n random orientations, so that every point on the surface had an equal
probability of being covered (see Todd & Mingolla, 1984, for details of
the randomization procedure} After each stimulus was generated, 1t
was checked to ensure that between 24% and 26% of its visible surface
was covered by texture elements

The texture elements on the virtual surface in 3-D space were manip-
ulated 1n two ways In the regular texture condition, the elements were
squares encompassing the same area In the irregular texture condition,
the elements could vary randomly 1n both size and shape In this latter
case, the area of the larger elements could be up to three times that of
the smaller elements, and the length of an element could be up to three
umes greater than its width When size and shape were variable, the
average area of the elements was the same as tn the regular texture con-
dition

The areas of the texture elements were covaried with surface eccen-
tricity so that the maximum size of their optical projections would be
approximately equal 1n all conditions and could not be used as a con-
founding cue for the observers’ depth judgments In the high-perspective
condition, the area (or average area) of a surface element was 3 97 cm?,
333 cm? 2 76 cm?, 2 23 cm?, and | 76 cm?, respectively, for surfaces
#1-5 In the low-perspective condition, the elements had an area of 3 97
cm? for all of the surface eccentricities

In the resulting visual images, the optical projection of a surface was
always confined to a constant circular region of the display screen,
against a black background The parts of the surface covered with tex-
ture elements were presented as white, whereas the parts of the surface
not covered by texture were presented as medium gray

To summarize, four types of shmuli were generated, each at five levels
of simulated surface eccentncity, for a total of 20 displays Surfaces
could have texture elements that were either regular or irregular and
could be displayed under exther polar or paraltel projection Examples
of some of the shmuh are shown in Figure 4 From left to right, the top
row shows a #] and a #5 surface, respectively, textured with regular

elements and displayed under polar projection The bottom row shows
a #5 surface with irregular elements displaved under polar projection
and a #5 surface with regular elements displayed under parallel pro-
jecticn

Procedure Subjects were seated so that they could observe the dis-
plays thraugh the viewing hood and type responses into the computer
console Each observer was specifically instructed to yudge how much
the simulated surface appeared to protrude out of the screen, relative
to 1ts width They were asked to make real-number responses based on
a diagram provided by the experimenter, which contained a senes of
seven half-ellipses varying in eccentricity and labeled with a number
between 0 and 6 (see Figure 5) Subjects were informed that the numeric
values on the diagram were only examples of possible ratios used m the
experiment and that they could choose any real number between 0 and
6 for their rating Note that the most and least eccentric surfaces that
were generated corresponded to the #5 and #1 on this diagram, respec-
tively Five practice trials were completed, during which ttme any ques-
tions were answered Observers rated each of the displays five times (or-
der randomized between blocks of 20 tnals) and made a total of 100
responses per subject

Results and Discussion

The first block of 20 trials was treated as practice and dis-
carded for all subjects, leaving 80 depth judgments per subject
for analysis. Figure 6 shows the mean depth ratings for each of
the 20 stimul tested in this experiment.

A within-facters repeated measures analysis of variance
(ANOVA) was performed on the remaming data, with simulated
surface depth, texture regularity, and perspective serving as the
factors The analysis revealed a sigmificant effect of surface
depth, F(4, 395) = 76 86, p < .001, accounting for approxi-
mately 64% of the variance 1n subjects’ judgments. Notice, how-
ever, that depth ratings for dusplays of surfaces with irregular
texture elements were not sigmficantly different from ratings
for displays of surfaces with regular texture Another interesting
finding from these data 1s the sigmificant, though shight, decrease
in perceived depth for surfaces displayed under parallel as com-
pared with polar projection, F{1, 395) = 10.10, p < .002, ac-
counting for approximately 2% of the variance.

It 15 important to keep 1n mind when evaluating the results
of this experiment, that in the regular texture condition, the
lengths and compressions of the individual optic elements were

Figure 5 The cross sections of six ellipsoid surfaces used
to define a numerical scale for the observers’ judgments
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Figure 6 The mean depth judgments of 6 observers as a function of
simulated depth for the different conditions of Experiment 1 (Judg-
ments for regular and irregular texture patierns are represented by solid
and dotted hines, respectively )

highly correlated with the depths and orientations, respectively,
of their corresponding surface elements, Although the strength
of these correlations was significantly diminished in the urregu-
lar texture condition, there was no detectable impairment 1n
the accuracy of the observers’ judgments. This suggests that ob-
servers do not perceive surfaces by assigning local depth values
from optic element lengths or by assigning local orientation val-
ues from optic element compressions, as argued by Stevens
(1981, 1984) and Witkin (1981). It appears instead that the ob-
servers’ judgments were based on a more global level of image
structure, which could apparently provide sufficient informa-
tion to overcome significant amounts of noise 1n the local struc-
ture of individual elements.

What are the perceptually relevant properties of indvidual
texture elements on which the global pattern of texture 1s de-
fined? This 1ssue was recently debated in an exchange between
Stevens (1984) and Cutting and Millard (1984) Stevens argued
on computational grounds that lengths of elements provide the
most reliable information, whereas Cutting and Miilard pro-
duced empirical data that observers’ judgments of curvature
seem to be based almost entirely on the pattern of element com-
pression,

The results of the present experiment are completety incom-
patible with Stevens’ hypothesis in this regard. The displays pre-
sented under parallel projection were designed specifically to
eliminate any systematic variations in element length, yet the
abservers” judgments of those displays were only slightly less
accurate than m the polar condition. The results are consistent,
however, wath Cutting and Millard’s hypothesis. Figure 7 shows
the pattern of element compression as a function of position for
a #1 and a #5 surface under both polar and parallel projection.
Note 1n the figure that a change from polar to parallel perspec-
tive influences the pattern of compression in exactly the same

way as does a small decrease 1n surface depth—just as it affected
the observers’ judgments.

Although 1t is tempting to conclude on the basis of these find-
ings that the overall pattern of element compression was the
primary source of information for the observers’ judgments, 1t
is important to keep in mind that there were several other con-
founding variables in these displays that covaried with compres-
sion. If element width or area were plotted against position, for
example, the resulting curves would be identical to those shown
in Figure 7. Experiment 2 was designed, therefore, 1n an effort
to manipulate some of these variables independently of one an-
other.

Experiment 2

Method

The method for generating elhpsod surfaces was identical to that
used 1n Experiment 1. For this experiment, however, some of the manip-
ulations were done on the optic elements rather than the elements on
the virtual surface

In each of five texture conditions, five surface depths—3.75 cm, 7 5
cm, 11 25 cm, 15.0 cm, and 18 75 cm—were simulated to protrude as
before out of the display screen (numbered | through 5, respectively),
for a total of 25 displays In the polar and parallel regular conditions,
surfaces with regular texture elements (of constant size and shape) were
displayed under polar and parallel projection, respectively These two
types of displays rephcated two of the conditions used in Expernnment |
and were 1ncluded as a means of comparing depth judgments made for
them with responses to the other three conditions described below In
the next three conditions the surface texture was regular, and all surfaces
were displayed under polar projection The difference among these con-
ditions, however, was that upon projection the optical texture pattern
was mampulated as follows In the constant area condition, the pattern
of optical element compression was allowed to vary appropnately. Com-
pression occurred 1n a direction perpendicular to the tilt of the vartual
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Figure 7 Element compression plotted against position for a #1 and a
#5 surface 1n two of the conditions from Experiment 1 (The dotted
lines represent polar projections, and the solid hines represent parallel
projections The radius [R] of each circular texture pattern defines the
units along the vertical axis D = surface depth )
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surface and hence varied 1n the correct orientation Optical element
area was held constant, however, so that, in effect, the optical elements
tended to become progressively enlarged as therr positicn neared the
edge of the image The displays generated for the random orientation
condition were the same as for constant area condition (area held con-
stant with compression varying), except that after each optic element
was appropniately compressed, 1ts orientation 1n the display screen was
then random:zed This mamipulation was included to determine the rel-
ative importance of correct optical element orientation Finally, 1n the
constant compression condition, the pattern of optical element compres-
sion was held constant while area was allowed to vary appropriately
In effect, the texture on these images looked hike squares that became
progressively smaller toward the edges of the display Figure 8 shows
some examples of the stimuh used 1 this expennment Each of the four
figures depicts a #5 surface under polar projection. Moving clockwise
from the upper left, exemplars are presented from the constant area
condition, the polar regular condition, the random orientation conds-
tion, and the constant compression condition

To summarize, surfaces at each of five smulated depths were gener-
ated with each of five 1exture conditions, for a total of 25 displays In
the first two conditions, surfaces with regular texture elements were dis-
played under exther polar or parallel projection In two other conditions,
optic elements were mampulated 1n such a way that arca was held con-
stant and compression varied erther 1n the appropriate or at random
ornentations In the last condition, optic element compression was held
constant while area varied appropriately over the displays

Six Brandeis University graduate students participated 1n this experi-
ment, 4 of whom had also participated 1n Expeniment 1 Observers
made depth judgments for each of the 25 displays four times 1n a ran-
domized block design, for a total of 100 responses per subject The 1n-
structions and procedures used were 1dentical to those used in Expern-
ment 1

Results and Discussion

The first block of 25 trials per subject was discarded as prac-
tice Mean depth judgments for each of the 25 stimuh were cal-

Figure 8 Examples of simuh used 1n Experiment 2 {Clockwise from
the upper left are #5 surfaces from the constant area condition, polar
regular condition, the random orientation condition, and the constant
compression condition )
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Figure 9 The mean depth judgments of 6 observers as a function of
simulated depth for the different conditions of Experiment 2 (Cnst
area = constant area condition, Const Comp = constant compression
condition, Rnd Onent = random orientation condition )

culated from the remaining data and plotted in Figure 9 as a
function of simulated surface depth

In the discussion of Experiment 1, 1t was suggested that the
observers’ judgments of depth were probably based on the
global pattern of element compression but that other possible
optic variables such as element width and area were confounded
with compression and could not be ehmnated as possible
sources of information The present experiment was designed,
therefore, to manipulate these chfferent variables independently
of one another.

If variations in element compression are indeed responsible
for observers’ perceptions of curved surfaces, then a display 1n
which all elements have a constant compression should be per-
ceived as flat. Thas prediction 15 clearly confirmed by the results
of the present experiment. In the constant compression condi-
tion, the mean depth rating for a #3 surface was only 0.21, even
though there were systematic vanations in element length,
width, area and density, which could, i principle, have pro-
wvided information about the surface’s three-dimensional form
One would also expect that if observers’ judgments were based
solely on the pattern of element compression, then orthogonal
manipulations of other variables should have no effect on per-
formance. This prediction, however, was not confirmed by the
results of the experiment. Although the pattern of element com-
pression was identical 1n both the constant area and the polar
regular conditions, the observers’ judgments were quite daffer-
ent. Ehminating vanations in area produced a 37.8% reduction
1 percerved depth, which suggests quite strongly that there 1s
more to the perception of shape from texture than can be ade-
quately explained by a sumple compression hypaothesss.

We aiso included one final condition 1n an effort to determine
if compression 1s best considered as a vector with both magmi-
tude and direction or as a scalar with magnitude only. The basic
1dea was to randomly reorient the texture elements in the image
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plane to ehmunate their directional alignment with one another
This had a dramatic effect on observers’ judgments. The mean
depth rating of a #5 surface 1n the random orientation condition
was only 0 20, thus suggesting that the orientational alignment
of texture elements 1s a necessary condition for the perception
of a curved surface

The results obtained at this stage 1n the investigation placed
us 1n a quandry Many of the findings seemed to be consistent
with Cutting and Millard’s (1984) hypothesis that the percep-
tion of a curved surface 1n depth 1s determined primarily by the
overall pattern of element compression One finding, however,
was clearly anomalous when viewed from this perspective,
There were large differences in perceived depth between the po-
lar regular and constant area conditions, yet the patterns of ele-
ment compression In those conditions were identical. An ade-
quate explanation of these seemingly contradictory findings did
not emerge until we began to consider some possible mecha-
nisms for the pickup of texture information.

Perceptual mechanisms for the analysis of texture There are
two 1mportant sources of evidence that the perceptual analysis
of texture information 1s accomphished by a fundamentally
global process First, there 1s the finding from Experiment 1 that
local perturbations 1n the sizes and shapes of individual texture
elements have almost no effect whatsoever on the accuracy of
observers’ depth judgments (see also Cutting & Millard, 1984)
A second relevant finding 1s that each display was experienced
as a continuous, smoothly curved surface, even though the tex-
ture elements covered only 25% of 1ts visible area

One possible process for detecting the global pattern of opti-
cal texture has recently been described 1n an important series
of articles by Grossberg and Mingolla (1985a, 1985b). Al-
though their work has been primanly concerned with two-di-
mensional perceptual orgamzation (e.g., subjective contours
and perceptual grouping phenomena), it 1s also 1deally suited
for the analysis of texture patterns such as those used in the
present experiments According to Grossberg and Mingolla,
many of the known phenomena in low-level visual perception
can be elegantly explained by the dynamic properties of neural
networks, 1n which the individual neurons are tuned to specific
spatial frequencies and orientations. Much of this explanatory
power comes from a subtle interplay between two interacting
systems a feature contour system, which diffuses information
1n all directions throughout the network, and a boundary con-
tour system, which fills 1n and completes optical contours to
form & barrer for thus diffusion It 1s the boundary contour sys-
temn, we believe, that 1s largely responsible for the perception of
shape from texture,

A schematic diagram of the boundary contour system is
shown 1n Figure 10. As described by Grossberg and Mingolla,
the system consists of two stages' The first stage 1s charactenized
by short-range local competition between cells with different
orientational tuning. If any incorming signals survive this com-
petition, they are passed to a second stage of analysis, in which
there 1s long-range cooperation of cells with ssmilar ornenta-
tional tuning. Activity at this level 1s then fed back to the first
stage, which achieves a sort of filling-1n pracess. This 1s how the
model accounts for subjective contours and perceptual group-
ing phenomena It1salso assumed that these boundary contours
can form at several different spatial frequencies independently
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Figure 10 Boundary completion 1n a cooperative—competinive feedback
exchange (CC loop). Panel a Local competition occurs between differ-
ent onentations at each spatial location {A cooperative boundary com-
piethion process can be activated by pairs of aligned orientations that
survive thetr local competitions This cooperative activation 1nitiates the
feedback to the competrtive stage that 1s detailed in Figure 10b ) Panel b
The pair of Pathways 1 activate positive boundary completion feedback
along Pathway 2 Then pathways such as 3 activate positive feedback
along pathways such as 4 Rapd completion of a sharp boundary be-
tween pathways 1 can hereby be generated (From Grossberg & Min-
golla, 1985a. From *“Neural dynamics of form perception Boundary
completion, llusory figures, and neon color spreading” by 8 Grossberg
and E Mungolla, 1985, Psychological Review, 92, p 187 Copynght
1985 by American Psychological Association Reprinted by permis-
$10n )

of one another Thus allows the system to detect simultancously
the global structure of a texture pattern as well as the local struc-
ture of its individual elements

Let us now consider how such a system would respond to the
regularly textured #5 surface shown in Figure 4. Notice 1n the
figure that most of the elements are noticeably compressed and
that they are approximately aligned with one another. Accord-
1ing to the Grossberg and Mingolla model, these orientationally
aligned elements should form bands of activity within the
boundary contour system. The spatial frequency of these bands
would be expected to vary as a function of position, so that
high-frequency neurons would be activated by the narrowest
elements near the edge, and the low-frequency neurons would
be activated by the wider elements closer to the center.? We be-

2 Grossberg and Mingolla have recently confirmed these predictions
with 2 numerical ssmulation of how their model would respond to the
various texture patterns used 1n the present investigations A prelimi-
nary report of this work 1s presented 1n Grossberg and Mingolla (in
press)
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lieve that the spatial distribution of these bands of actvity
15 responsible for the observers’ perceptions of three-dimen-
stonal form.

A particularly tmportant implication of this model 1s that
some parts of an 1mage may have a greater effect on the bound-
ary contour system than may others. The reason for this 1s that
the amount of competition at the first stage of analysis is nega-
tively related to the amount of element compression It 1s 1m-
portant to keep 1n mund that any given texture element will
stimulate a large number of different neurons tuned to all possi-
ble orentations. The level of competition at the first stage of
analysis 1s determined by the relative imbalance of this stimula-
tion If all orientations are activated equally, as will occur with
an uncompressed ¢lement, then they will all be suppressed by
the local competition. If, on the other hand, one orientation 1s
stimulated to a much greater extent than are others, as will oc-
cur wmith a highly compressed element, then 1t 1s much more
hkely to survive the resulting competitive interactions. It fol-
lows from thus analysis that activity within the boundary con-
tour system can be produced only by regions of an image
which there 1s sufficient element compression. This suggests,
moreover, that regions near the center of an image, where ele-
ment compression is negligible, may be providing httle or
no information for the cbserver’s perceptions of three-dimen-
s1onal form

Another important imphcation of the Grossberg and Min-
golla model 1s that the overall response of the system can be
highly tolerant of noise. The reason for this 1s that orientational
tumng of visual neurons s never absolute, Although a given
cell may have a preferred onentation, 1t will also respond with
varying degrees of vigor to contours whose orientations differ
shghtly from the preferred value. As a result, the cooperative
nteractions at the second stages of analysis are able to occur
even when the contours 1n a stimulus pattern are not perfectly
aligned with one another. This cooperation will be enhanced,
moreover, by the approximate alignment of other contours m
neighboring regions. As these cooperative interactions start to
propagate throughout the network, the response of each cell
may no longer be determined by the pattern of stimulation
within 1ts own receptive field, but will be driven instead by the
statistical properties of a more globally defined pattern of input.
There are hmats, however, to the amount of misahgnment that
<an be tolerated. If it 15 too large, as 1n the random onentation
condition of Expertment 2, then the cooperative interactions at
the second stage of analysis cannot be initiated

In order to appreciate how the pattern of activity within the
boundary centour system could provide information about the
three-dimensional structure of a curved surface, 1t 1s useful to
consider how the spatial frequency of the elements varies with
position for some of the stimuli used 1n the present experiments.
Figure | | shows the relation between element width (i.e., spatial
frequency) and position for a #1 and a #5 surface under both
polar and parallel projection. Note in the figure that the spatial
distribution of element widths varies sigmificantly among the
different surfaces. A convement metric for describing these
differences can be obtained by calculating the area under each
curve Asisevident from the figure, this area measure increases
with surface depth and 1s shghtly dimimished when a surface 15
displayed under parallel projection. Note that this 1s similar to
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Figure 11 Element width plotted against position for a #1 and a #5
surface 1n two of the condittons from Experiment 1 (Each curve was
generated with an assumed compression threshold of 875 The dotted
hnes represent polar projections, and the solid lines represent parallel
projecuons The radwus [R] of each circular texture pattern defines the
units along the vertical axis I} = surface depth )

the pattern obtained from the observers’ judgments. In fact,
when the area measures for the different stimuh 1n Experiment
1 are correlated with the observers’ judgments for those simuli,
the analysis reveals an almost perfect linear relation {r = .99).

Four mmportant propertics of the Width X Position curves
shown 1n Figure 11 need to be exphcitly noted. First, the wadth
values refer to the shortest axis of an 1dealized optical element
at each possible posttion within the overall stimulus pattern. If
the element widths were measured in an actual stimulus, the
values obtained would provide a sample of these 1dealized dis-
tributions. There would also be some noise in the sample be-
cause of random vanations 1n the orientations of the surface
elements. Second, 1t 1s assumed that the boundary contour sys-
tem will not respond to regions of an image where the elements
are insufficiently elongated, which 1s why the curves have a hm-
ited extent along the vertical (position) axis (A compression
threshold of .875 was selected for generating these curves be-
cause 1t produced the best possible fit to the data in all four
experiments.) Third, the wadth scale 1s normalized as a percent-
age of maximum width. This ensures that the area measure 15
sensitive only to the global pattern of width changes and not to
the absolute size of a texture element. Finally, 11 15 also assumed
that the elements of optical texture are approximately ahgned
with one another in any given local region. Otherwase, the activ-
1ty within the system would be suppressed by local competition
at the first stage of analysis

Although the area measure described above corresponds
quite closely to the observers’ judgments 1n Experiment 1, 1t 1s
important to keep in mind that there were several confounding
varables in that experiment (e.g., the pattern of element com-
pression), all of which could provide equally good fits to the
data, A more powerful assessment of the model can be obtained
from Experiment 2, in which these different variables were ma-
nipulated independently of one another As 1t turns out, the
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Figure 12 Element width plotted against position for a #1 and a #5
surface 1n two of the conditions from Experiment 2 (Each curve was
generated with an assumed compression threshold of 875 The dotted
lines represent stimult from the polar regular condition, and the sohid
lines represent simuh from the constant area condition D = surface
depth )

of max)

area measures for the stmuli 1n Experiment 2 were again al-
most perfectly correlated with the observers’ depth yjudgments
(r=.99)

There are three new conditions 1n Experiment 2 that need to
be exarmned Figure 12 shows the Width X Position curves for
a #| and a #5 surface 1n the constant area condition, compared
with the same surfaces 1n the polar regular condition. Note in
the figure that the area under each curve corresponds quite
closely to the pattern exhibited 1n the observers’ depth judg-
ments (see Figure 9). In the other two conditions, the depicted
surfaces should have appeared perfectly flat—as 1ndeed they
did—because they violated the restrictions of the model. In the
random orientation condition, for example, the misalignment
of the texture elements would have prevented the formation of
boundary contours because of local competition at the first
stage of analysis and shouid, therefore, have inhibited the per-
ception of a curved surface in depth. A similar explanation 15
also apphicable to the absence of perceived depth 1n the constant
compresston condition. The formation of boundary contours
would be suppressed in this case because the elements were not
sufficiently elongated for a predominant orientation to emerge
from the resulting competitive interactions within the network.

This explanation of the observers’ judgments 1n the constant
compression condition contrasts sharply with our onginal in-
terpretation that the perception of shape from texture 15 pri-
marily based on global variations in optic element compression
According to the Grossberg and Mingolla model, the absence
of perceived depth in this condition would not be due to the
lack of variations in element compression, but rather to the use
of unelongated square elements, so that there was no predomi-
nant orientation in any local region of the tmage. This leads to
a very straightforward hypothesis—namely, that if we clongate
the elements 1n the constant compression condition 1n such a
way that they are locally aligned with one another, the percelved

depth of a surface should be sigmificantly enhanced. Experni-
ment 3 was designed, therefore, tn an effort to test the psycho-
logical vahidity of this prediction

Experiment 3
Method

The method for generating ellipsoid surfaces was simular to that used
in the previous experiments Four texture conditions were generated at
each of the five levels of simulated surface depth, for a total of 20 dis-
plays. In the polar and parallel reguiar conditions, the stimuli were iden-
tical to those used 1n comparable conditions of Experiments 1 and 2 [n
the constant compression square condition, element area varied appro-
pnately for polar projection, but each of the elements had an 1dentical
square shape These displays were, 1n fact, taken from the constant com-
pression stimuli used m Experiment 2 In the constant compression
elongated condition, the patterns were generated 1n the same way except
that each element was elongated parallel to the direction of tilt with a
3 1 compression ratio Figure 13 shows examples of #5 surfaces in the
constant compression square (left) and the constant compression elon-
gated (night) conditions Note that these two displays were generated 1n
exactly the same way except the siimulus to the nght had elongated
elements.

Six of the observers who had participated in the previous experiments
again volunteered their services Each observer made five depth judg-
ments for all 20 displays in a randormized block design, for a total of 100
responses per subject The instructions and procedures were 1dentical
to those used 1n Experiments 1 and 2

Results and Discussion

The first block of 20 trials was discarded as practice, and
the mean depth judgments for the remaining responses were
calcutated for each of the simuh The results are plotted 1n
Figure 14

The main purpose of this expertment was to compare two
alternative hypotheses about why sttmul 1n the constant com-
pression square condition should appear as flat. One hypothesis
based on the work of Cutting and Maillard (1984) 1s that the
primary source of information for the perception of a curved
surface 1s the overall variation of element compression. Patterns
in which there are no such variations should therefore be per-
ceived as flat, regardless of whether the elements are square or
elongated.

An alternative hypothesis based on the work of Grossberg and
Mingolla (1985a, 1985b) 15 that the primary source of informa-

Figure 13 Examples of shmuli used in Experiment 3 (From left toright
are #5 surfaces from the constant compressicn square condition and the
constant compression elongated condition )
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Figure 14 The mean depth judgments of 6 observers as a function of
simulated depth for the different conditions of Experiment 3 (Const
Elong = constant elongated condition; Const Square = constant square
condition )

tion in these displays is the overall vanation of element widths,
but only for those elements that are sufficiently elongated and
approximately aligned with one another. According to this hy-
pothestis, the stimuli in the constant compression square condi-
tion are perceived as flat, not because of the constant compres-
sion, but because the patterns are composed of unelongated
square elements. This weuld not be a problem, however, in the
constant compression elongated condition, and we would there-
fore expect the observers’ depth judgments 1n that case to 1n-
crease significantly. This prediction was, in fact, confirmed by
the data, as 1s clearly evident 1n Figure 14,

Let us now consider how our proposed area measure would
be affected by these manipulations. Figure 15 shows the vana-
tions of element width as a function of position for a #1 and a
#5 surface 1n both the polar regular and constant compression
clongated conditions. If we calculate the area under each curve,
as in the previous experiments, an interesting imteraction 1s ob-
taimned. For a #5 surface, the area measure 1s larger for the polar
regular stumulus, whereas for a #1 surface it 1s larger for the
constant compression stimulus. A similar reversal was also ob-
tained 1n the observers’ judgments {see Figure 14). Indeed,
when the area measures for all of the different stmuli in this
experiment were correlated with the observers’ depth judg-
ments for those stimuli, the analysis again revealed an almost
perfect inear relation {# = ,99).

Experiment 4

Another important :mplication of the Grossberg and Min-
golla model for the present experiments is that some parts of an
1mage may have a greater effect on observers’ judgments than
others. Note, for example, in Figure 4 that there are regions
near the center of each shmulus where element compression
15 neghgble. If observers’ sensitivity 1s restricted to patierns of
elongated clements, as we have argued above, then the texture

1n those regions should provide little or no information for the
perception of a curved surface in depth Thas imphication 1s es-
pecially significant for generating the Width X Position curves
shown 1n Figures 11, 12, and 15 The reason that these curves
generally do not extend the full length of the vertical (position)
axis 1s that they are generated with an assumed compression
threshold of .875, which excludes from consideration the
relatively unelongated elements 1n the central region of each
display.

According to our proposed analysis, 1t should be possible to
enhance the impression of depth 1n the regular texture condi-
tions by systematically elongating the elements in these central
regions. Suppose, for example, that we stretched each element
1n a display by a factor of | 4 parallel to the direction of tilt
The effects this would have on the Width x Position curves for
a #1 and a #5 surface are shown 1n Figure 16, in which regular
patterns are represented by dotted lines and elongated patterns
are represented by solid lines. As 1s evident 1n the figure, a uni-
form elongation of the texture elements should increase the per-
ceptually detectable range of element widths and should there-
fore produce a corresponding increase 1n observers’ depth judg-
ments. Experiment 4 was designed to test this prediction.

Method

The method for generating ellipsoid surfaces was similar to that used
1 the previous expenments Four texture conditions were generated at
each of five levels of surface depth, for a total of 20 displays In the polar
and parallel regular conditions, the stimuli were 1dentical to those used
1n the comparable conditions of Expeniments [, 2, and 3 [n the polar
and parallel elongated conditions, the siumuh were generated m the
same way, but each element was elongated by a factor of 1 4 parallel to
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Figure 15 Element width plotted against posiion for a #1 and a #5
surface 1n two of the conditions from Experiment 3 (Each curve was
generated with an assumed compression threshold of 875 The dotted
lines represent sumuli from the polar regular condition, and the solid
lines represent stimuh from the constant compression elongated condi-
tion The radiys {R) of each circular texture pattern defines the units
along the vertical axis D = surface depth )
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Figure 16 Element width plotted against position for a #1 and a #5
surface i two of the conditions from Experiment 4 (Each curve was
generated with an assumed compression threshold of 875. The dotted
lines represent simuh from the polar regular condition, and the solid
lines represent sumul from the polar elongated condition The radius
[R] of each circular texture pattern defines the units along the vertical
axis D = surface depth )

the direction of t1ilt Figure 17 shows a #1 surface (left) and a #5 surface
(right) from the polar elongated condition.

S1x observers volunteered their services, 5 of whom had participated
1n at least one of the earher experiments, Each observer made five depth
Judgments for all 20 displays 1n a randormized block design, for a total
of 100 responses per subject The instructions and procedures were
identical to those used in the previous three experniments

Results and Discussion

As 1n the previous experiments, the first block of 20 trials
was discarded as practice Figure 18 shows the means of the
remaining judgments as a function of simulated depth for the
regular and elongated conditions collapsed over perspective. A
repeated measures ANOVA was performed on these data with
simulated surface depth, perspective, and elongation as the
within-factor variables. The analysis revealed that the primary
influence on the obser vers’ judgments was the simulated surface
depth, F{(4, 395) = 102.09, p < 001, accounting for over 68% of

Frgure 17 Examples of stimuli used 1n Experiment 4 (From lefi to right
are a #1 and a #5 surface from the polar elongated condition )

Elongated

Regular

Judged Depth

1 2 3 4 5
Simulated Depth

Figure 18 The mean depth judgments of 6 observers as a function of
simulated depth for the regular and elengated conditions of Experiment
4 collapsed over perspective

the total variance The polar projections again produced higher
depth judgments than did the parallel projections, F(1, 395) =
11.77, p < .001, accounting for 2% of the variance, and the elon-
gated conditions produced higher judgments than did the regu-
lar conditions, (1, 395) = 19.20, p < .001, accounting for 3%
of the vanance, Although the effect of elongation was relatively
small 1n terms of the amount of variance 1t accounted for, its
magnitude was consistent with our theoretical predictions.
Indeed, the abservers’ judgments were again almost perfectly
correlated with the areas under the Width X Position curves
(r= 99).

General Discussion

The research described 1n the present article was designed to
investigate how patterns of optical texture provide information
about the three-dimensional structures of objects 1n space. Ob-
servers were asked to judge the perceived depth of simulated
ellipsoid surfaces under a variety of experimental conditions.
The results revealed that (a) judged depth increases hnearly
with simulated depth although the slope of thus relation varies
significantly among different types of texture patterns. (b} Ran-
dom variations in the sizes and shapes of individual surface ele-
ments have no detectable effect on observers’ judgments. (c)
The perception of three-dimensional form s quite strong for
surfaces displayed under parallel projection, but the amount of
apparent depth 1s shghtly less than for identical surfaces dis-
played under polar projection. (d) Finally, the perceived depth
of a surface 15 eliminated if the ophical elements 1n a display
are not sufficiently elongated or if they are not approximately
aligned with one another.

What 15 the “Information” in a Textured Image?

The first 1ssue that needs to be addressed 1n providing a theo-
retical explanation of these findings 1s to determune the specific
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Figure 19 A complex undulating surface depicted
with texture information

aspects of optical texture from which observers percerve the
three-dimensional structures of curved surfaces. One impor-
tant facet of this issue concerns the relative spatial scale of tex-
ture information Stevens (1984) has recently argued, for exam-
ple, that the perceptual analysis of texture involves a local pro-
cess, i which metric values of surface depth and/or slant are
estimated directly from the sizes and shapes of individual tex-
ture elements and that hagher order (1.e , relational) measures of
texture, such as gradients, are unnecessary. Our results suggest,
however, that the perception of shape from texture in actual
human observers 18 probably based on a more global level of
analysis. Of particular importance 1n this regard 15 the finding
from Experiment 1 that local vartations in the sizes and shapes
of indvidual surface elements have almost no effect on the ac-
curacy of observers’ judgments. An individual texture element
carnes no information 1n this context, yet the systematic varia-
tions among a population of elements can apparently provide
sufficient information to optically specify the three-himen-
sional structure of a curved surface 1n depth.

Having concluded that the perception of shape from texture
involves relational measures of some sort, we took the next step
of determining exactly what those relations are. Because of the
earhier work of Cutting and Millard (1984), our working hy-
pothesis at the start of thus investigation was that the primary
source of information for the observers’ judgments would be
the global pattern of element compression. Qur 1mitial findings
were, 1n fact, consistent with this hypothesis Changes 1n per-
spective and depth, which had comparable effects on the pattern
of element compression, also had comparable effects on the ob-
servers’ Judgments. Moreover, when other properties of the op-
tic elements—such as length, width, area, and density-—were
allowed 1o vary over different regions of a display but compres-
sion was held constant, the appearance of depth was virtually
eliminated There were other aspects of the data, however, that
seemed to require an alternative explanation. In Experiment 2,
there were large differences in percerved depth between the po-
lar regular and constant area conditions, yet the patterns of ele-
ment compression 1n those conditions were 1dentical.

How could we account for these seemingly incompatible re-
sults? A solution to tins dilemma was suggested 1n a senes of

conversations with Stephen Grossberg and Enmo Mingolla
(personal commumcation, August, 1985). Based on their neural
network analysis of low-level visual processes, they speculated
that the observers’ judgments were prebably based on the global
pattern of element widths. At first we were highly skeptical of
this hypothesis. After all, there were systematic variations of
¢lement width 1n the constant compression condition of Experi-
ment 2, but they did not provide a compelling impression of a
curved surface 1n depth. The reason for this, according to Gros-
sberg and Mingolla, 1s that the neural mechanmisms for detecting
variations in element width can respond only if the elements
are sufficiently elongated To test thas hypothesis in Expersment
3, we employed a new seres of displays with elongated elements
of constant compression. As predicted, the percerved depth 1n
these displays was comparable to the regular texture conditions,
whereas the patterns of square (1 e , unelongated) elements were
again percerved as flat. Another implication of the Grossberg
and Mingolla hypothests is that a uniform elongation of all the
elements in a display should increase the detectable vanation
of element widths and should therefore produce a significant
increase 1 perceived depth. This prediction was confirmed by
the results of Experiment 4.

The neural network analysis proposed by Grossberg and
Mingolla can be thought of as a type of transduction mecha-
nism by which discrete patterns of stimulation are transformed
into a relatively continuous pattern of neural activity. The anal-
ysis suggests a number of relevant stimulus vanables that
should affect this transduction process, but it does not provide
an exphicutly defined procedure for assigning a meaningful 1n-
terpretation to any given pattern of sumulation, How, for exam-
ple, did the observers 1n our experiments select a specific depth
value for each stimulus display? In an effort to address this 1ssue
and 1o provide a more quantitative analysis of the data, we have
proposed a specific metric by which variations 1n surface depth
could be perceptually distinguished—namely, the area under
the Width X Posihion curve. This proposed metric corresponds
quite closely to the observers’ judgments 1n all four exper-
ments. It 1s best to be particularly cautious regarding thas 1ssue,
however, because we have no theoretical yustification of the pro-
posed area measure, and there are many other possible metrics
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Figure 20 The same surface as in Figure 19
depicted with contour information




254 JAMES T TODD AND ROBIN A AKERSTROM

that could conceivably be used to describe how element width
varies as a function of position. We would not be surprised,
therefore, 1f some other metric turns out to provide equally
good fits of the data.

It 15 1nteresting to note, while evaluating the spatial distribu-
tion of element widths as a potential source of information, that
such variations have not been considered 1n previous investiga-
tions. Most of the early work on perceived slant from texture
was designed to determine the relative perceptual salience of a
small number of optical variables—specifically, element length,
compression, and density. Although element widths were not
directly manipulated in these expertments, they would have
been affected indirectly by changes 1n element length and com-
pression, both of which had significant effects on observers’
slant yudgments Thus, 1t 15 quite possible that global vanations
1n element width may also be a primary source of information
for the perception of planar surfaces,

What Do Observers “See”” in a Textured Display?

Our discussion thus far has focused primarily on identifying
the particular aspects of optical texture from which observers
perceive the three-dimensional structures of curved surfaces,
but we have not yet considered the equally important problem
of what exactly 1s specified by that information This 15 an 15sue
of considerable relevance to current perceptual theory. One
popular hypothesis adopted by Gibson (1950a) early i his ca-
reer and much later by Marr (1982) is that the perceived metric
structure of a surface is defined by 1ts local depth and orienta-
tion relative to the point of observation. Note that there are
many aspects of this hypothesis that need to be considered. Is
the perceived structure of a surface metric or nonmetric? What
are 11s specific properties (e.g., depth or orientation)? Are they
defined locally or globally? And are they defined 1n a viewer-
centered space relative to the point of observation or 1n an ob-
Ject-centered space relative to other parts of the same surface?

It 15 important to keep in mind when evaluating these 1ssues
that there 1s an indefimite number of potential descriptors for
objects and events 1n a natural environment. The most com-
monly used properties for describing surfaces—namely, depth,
arientation, and curvature—were all ariginally invented by ge-
ometers and need not be accepted by default as the appropriate
descriptors for perceptual psychology (see Gibson, 1979, for an
extensive discussion of this issue), Although the results of the
present experiments seem to suggest that surface “depth™ 15 a
perceptually meaningful concept, there is no reason to assume
a prior1 that 1ts psychological meaning is synonymous with 1ts
usage 1n analytic geometry (e.g., as argued by Marr, 1982).

In addition to their theoretical significance, these 1ssues also
have important methedological imphcations. In any psycho-
physical investigation of three-dimensional form perception,
the observers must be asked a specific question about the per-
cewved structure of the stimulus displays For example, they
mught be asked to make judgments of perceived slant (e g., Gib-
son, 1950a) or perceived curvature (e.g., Todd & Mingolla,
1984) or perceved depth, as in the present experiments. In de-
ading upon which question to ask, a researcher makes an 1m-
plhicit assumption about which descriptors of the environment
are psychologically appropriate {(see Runeson, 1977). All too

often, however, the chosen descriptors are based on Cartesian
analytic geometry, with little or no justification except for tra-
dition.

There are other ways of describing surface layout that do not
require a point-by-point estimate of depth and/or orientation.
For example, in hus own attempt to address this issue, Gibson
(1979) focused on the nonmetric structure of surface layouts.
Concavities and convexities, he argued, are unitary features of
surface layout that cannot be broken down into elementary 1m-
pressions of slant or depth. Gibson was not alone 1n reaching
this concluston. A similar emphasis on the nonmetric structure
of surface layout can also be found 1n the empirical work of
Cutting and Millard (1984) and 1n the computational analyses
of Koenderink and van Doarn {1980, 1982).

If these conclusions are correct, then a more appropriate psy-
chophysical procedure for studying the perception of surface
layout would be to ask observers to identify the hills and valleys
within a more complex terrain. In an effort to develop such a
procedure, we have recently begun to investigate observers’ per-
ceptions of visual displays depicting a wider variety of surface
undulations, We have observed, however, that the perception of
three-dimensional form from randomly distributed patterns of
granular texture tends to break down if the depicted surface 1s
too complex, For example, Figure 19 shows a complex, undu-
lating surface, which has been covered with texture elements
using the same procedure as described for the present exper:i-
ments. Although the three-dimensional form of this surface
may be discernible with close inspection, the overall perceptual
effect 1s not compelling. For the sake of comparison, an identi-
cal surface 1s depicted in Figure 20 using a pattern of contours
The perceptual effect 1n this case 1s guite strikang, Indeed, for
surfaces depicted with contour patterns (or shading), the overall
perceptual salience of a display tends to increase with surface
complexaty.

Although all of the discussion thus far has been concerned
exclusively with patterns of optical texture presented i 1sola-
tion, 1t 15 important to point out that such a hmited form of
sttmulation could seldom, 1f ever, be achieved under more natu-
ral viewing conditions In natural vision, there would generally
be other sources of information available such as shading, mo-
tion, or binocular disparity. How these different aspects of opti-
cal structure interact with one another to form a unitary per-
ception of the surrounding environment remains an tmportant
problem for future research,
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