
1 Introduction
Perspective projections of textured surfaces that are slanted in depth can elicit very
strong impressions of surfaces receding in depth. For almost half a century now,
researchers have been trying to isolate the sources of information that cause these
impressions. Gibson (1950a, 1950b) advanced the idea that texture gradients are important
for the perception of slant from texture. Texture gradients are variations in the relative
size and spacing of the projected texture elements (Braunstein 1976). From mathematical
analyses of the two-dimensional information that is present in perspective projections
of regularly textured surfaces (Braunstein 1976; Cutting and Millard 1984; Perrone 1980,
1982; Sedgwick 1983; Stevens 1980), we know that these gradients specify slant unambig-
uously. Empirical studies on the estimation of slant from texture by human observers
(Andersen et al 1998; Blake et al 1993; Braunstein 1976; Buckley et al 1996; Cutting and
Millard 1984; Freeman 1966; Knill 1998) have shown that the compression, perspective,
and density gradients are the three most important sources of information that influ-
ence the perception of the slant of regularly textured surfaces.

The compression gradient is the change of the aspect ratio of the length of the texture
elements along the direction of slant relative to their width along the orthogonal
direction. This gradient is also called foreshortening. The perspective scaling gradient
is defined as the change in the width of the texture elements in the image plane along
the direction of slant, as the suggested distance to the viewer becomes larger (Cutting
and Millard 1984; Knill 1998; Todd and Akerstrom 1987). They both specify the slant
of a projected surface independently. The density gradient is the gradient in the spatial
distribution of the texture elements on the plane in which they are lying (ie the number
of texture elements in a fixed surface area).

Evidence exists for differences in the sensitivity of the visual system for these
gradients, depending on the type of surfaceöcurved versus planarö(see Cutting and
Millard 1984; Frisby et al 1995), the type of textureöirregular versus regularö(Knill
1998), and the extent and orientation of the slant (Andersen et al 1998). From this
body of literature it becomes clear that the perspective gradient is the principal source
of information for the slant of regularly textured planar surfaces that are not slanted
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too much (eg less than 808). This is important since we will be dealing with this type
of stimulus in the present paper. Finally, Braunstein and Payne (1969) have shown
that perspective as a cue to slant is more dominant than the form ratio. The latter is
the change of the aspect ratio of the vertical and horizontal widths of the texture
elements in the projected surface relative to their original aspect ratio. Although we do
not consider these gradients any further here, several studies have been conducted
that investigate the importance of the compression and density gradients in slant-from-
texture experiments (Blake et al 1993; Buckley et al 1996).

The calculation of the perspective gradient relies on the focal distance from which
the surface has been projected (Perrone 1980, 1982). When looking at real-world slanted
surfaces this is no problem, because here the centre of projection simply coincides
with the viewpoint of the observer. It poses a problem, however, for estimating the
slant from projections of textured surfaces, since variations in the information that
determines the impression of slant (eg the perspective gradient) can be caused by
variations in another parameter than the veridical slant, namely the location of the
centre of projection relative to the image plane. Figure 1 illustrates this by showing
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Figure 1. Stimuli with different combinations of slant and focal distance. (As a result of image
transformations, the contrast in these figures is lower than in the actual stimuli.) This illustrates
the ambiguity with respect to the veridical slant of the projected surface, due to the uncertainty
about the focal distance. See text for more details.
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nine slanted textured surfaces, each of them under a different combination of veridical
slant (408, 508, or 608) and focal distance (25, 50, or 75 cm). Note the ambiguity of
these surfaces in specifying the veridical slant. For example, the projection of the
surface with a slant of 608 and the central projection point at 75 cm is very similar
to that with a 508 slant and the projection point at 25 cm. The same is true for the
surface with a 508 slant and the projection point at 75 cm and that with a slant of 408
and the centre of projection at 25 cm. In the present paper, we address the question of
how the human visual system deals with this ambiguity.

A similar problem occurs in the more general context of picture perception.
Cutting (1986) and Kubovy (1986) pointed out that looking at a picture from a point
of view that does not coincide with the centre of projection should, at least theoretically,
yield a wrong impression (eg stretched, compressed, or skewed) of the geometry that
was represented by the picture. Here, we are only dealing with discrepancies between
the actual point of view and the centre of projection, along the perpendicular to the
picture plane. Moving the actual point of view forward relative to the centre of projec-
tion enlarges all visual angles uniformly. This is called magnification. The opposite is
called minification. Rogers (1995) gives an overview both of the (theoretical) viewpoint-
dependent transformations of pictorial space due to magnification and minification
and of the empirical data on how people really perceive depicted spaces in these cases.

Theoretically, the virtual space behind pictures is compressed along the depth
dimension after magnification and stretched after minification. Research on perceived
depth and distance has shown that perceived space is distorted in the expected direc-
tion, although the size of the distortion does not always follow the prediction made
on the basis of the magnification or minification (Bengston et al 1980; Kraft and
Green 1989; Smith 1958; Smith and Gruber 1958).

Nothing much has been said, though, about the perception of slant in this context.
As pointed out in the previous paragraph, most studies are concerned with perceived
depth and distance. Both Farber and Rosinski (1978) and Lumsden (1980) refer to a single
experiment by Purdy (1960). Purdy showed his subjects projections of slanted textured
surfaces, some of which were magnified by a factor of 1.5. Under these conditions,
there was an overestimation of slant that could be predicted from the magnification.

Our goal in the present paper was to investigate how discrepancies between the
actual viewpoint of the observer and the centre of projection affect the estimation of
slant from perspectively projected grids of perpendicular lines. We did this by varying
the viewing distance relative to the image plane and the centre of projection. Our
working hypothesis was that, in order to resolve the ambiguity about the vertical slant,
the observer's eye had to be in the same location as the central projection point. Our
prediction was that, at different viewing distances, overestimation would occur when
the viewing distance was smaller than the focal distance (ie when the observer's station
point was closer to the picture plane than the centre of projection) and that under-
estimation would occur when the viewing distance was larger than the focal distance
(see figure 2). In reality, however, it turned out that viewing distance did not matter.

2 Methods
2.1 Subjects
Five subjects participated in the experiment. They were all PhD students at the
Department of Psychology at the University of Leuven. All subjects were na|« ve with
respect to the settings of the experiment (eg the range of slants of the stimuli etc) and
had normal or corrected-to-normal vision.
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2.2 Apparatus
The experiment was run on a PC with an Intel Pentium III processor with a clock speed
of 450 MHz. The stimuli were shown on an SVGA display with a refresh rate of 85 Hz
and a resolution of 10246768 pixels. Subjects viewed the stimuli monocularly with their
dominant eye. The room in which the experiment was run was completely darkened. A
chin-rest was used to minimise head movements and to ensure a fixed viewing distance.

2.3 Stimuli and task
Stimuli consisted of a grid of perpendicular white lines (approximately 60 cd mÿ2) that
was rotated along the line of sight and then slanted in depth. The grid was projected
onto the computer screen under perspective projection. The lines were equally spaced
on the imaginary surface that they defined, thus forming quadrilateral texture elements.
An anti-aliasing algorithm was applied to the lines in order to avoid them appearing
jagged on the computer screen. Only part of the grid was visible through a circular
aperture (see figures 1 and 2). The background on which the grid appeared was black
(approximately 1 cd mÿ2). The area outside the aperture was grey (approximately
3 cd mÿ2). Because subjects were sitting at three different distances from the computer
screen (50, 75, and 100 cm) depending on the experimental condition (see section 2.4),
and because the size of the aperture remained constant throughout the experiment,
the aperture had a different angular extent with each viewing distance. The diameters
were 8, 6, and 4.8 deg of visual angle respectively.

Subjects were asked to estimate the extent of the slant of the grid away from the
frontoparallel plane using a probe. The probe appeared in the upper right corner of
the computer screen and consisted of three white lines on a blue background simulating
a side view of the slanted grid: Two of the three lines were fixed and indicated the
ground plane (908 slant) and the frontoparallel plane (08 slant). They were connected
perpendicularly to each other at one of their endpoints (see figure 3). Subjects could
alter the orientation of the third line relative to the two fixed lines with the computer
mouse. The subjects' task was to set the orientation of this line, such that it would
equal the slant of the grid relative to the frontoparallel plane.

Physical viewing
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Figure 2. Side view of the experimental setting. Five focal distances and three actual viewing
distances (ie the middle values) were used. The stimulus consisted of a slanted grid (ie the oblique
thin line) that was partially occluded by a surface (ie the thick line) with a viewing aperture in it.
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2.4 Design
We used four variables. First, we manipulated the viewing distance. This is the distance
between the subjects' eyes and the computer screen. This distance could be 50, 75, or
100 cm. Next, we varied the distance between the centre of projection and the projec-
tion plane (ie the computer screen). We will call this variable the focal distance. The
focal distance was set at 25, 50, 75, 100, or 125 cm. These two variables were the major
variables in the design.

Two additional variables were also manipulated. The first one was the extent of
the slant of the grid relative to the frontoparallel plane. It could be 08, 108, 208, 308,
408, 508, or 608. Finally, we varied the initial orientation of the grid texture. Let us
call this variable rotation. Prior to slanting the grid, it was always rotated a certain
amount along the line of sight. The extent of this rotation was 08, 11.258, 22.58, 33.758,
458, 56.258, 67.58, or 78.758. Rotations of 908 yield the same stimuli as rotations of 08
because of the symmetry of the square texture elements along this axis. For examples
of the effect that this variable has on the appearance of the stimuli, see figure 1. In
all of these figures, rotation is set to 458. If one does not rotate the grid (as in the case
in the 08 condition) the grid consists of vertical and horizontal white lines. If such a
grid is slanted in depth and projected under perspective projection, the vertical lines
will deviate from vertical in the projection plane. However, horizontal lines will remain
horizontal, even under perspective projection. Hence, it would be a good strategy for
subjects to just look at the angle between the horizontal and the vertical white lines
to make a good guess what the slant of the grid might be. This is no longer possible
when the grid is rotated before it is slanted.

2.5 Procedure
The experiment was subdivided into three sessions, each with a different viewing
distance. Within each of these sessions, subjects were shown each of the combinations
of the variables focal distance, slant, and rotation once, yielding 280 trials per session.
These trials were randomised within each session and the order of the sessions was
randomised for each subject. Before the first session, each subject did ten practice
trials (with no feedback) during which he/she could get used to setting the probe.
Subjects had as much time as they needed to respond to the stimuli. In practice, each
session took 30 to 40 min.

3 Results
The main dependent variable was the signed difference between the real slant of the
grid and the estimated slant. When this difference is negative, the subject has under-
estimated the real slant. It is positive in the case of overestimation.

The data were subjected to an analysis of variance. The conditions with slant equal
to 08, 108, and 208 were dropped from the analyses.(1) The reason for this is that our

(1) Analyses with the 08, 108, and 208 conditions included were also conducted. The results were
almost exactly the same. Viewing distance and focus were significant (F8 32 � p 5 0:05), and so
was the interaction between rotation and slant (F42 168 � p 5 0:05).

,
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s
Figure 3. The probe that subjects used to indicate the slant of the
grid. It represents a side view of the computer screen (the vertical
line), the ground plane (the horizontal line), and the surface (the oblique
line). Subjects adjusted the orientation of the oblique line relative to
the other two to make a slant estimation.
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probe could not be set to values that were smaller than 08. As a consequence, the
distributions of responses in the conditions with slant equal to 08 can never be normal,
which is one of the basic assumptions of analysis of variance. We decided to also
drop conditions with slant equal to 108 and 208 because a look at the individual data
revealed estimation errors that ranged between 108 and 208. So, in principle, the same
reasoning that was used for slants equal to 08 can be applied to these conditions.

There was a main effect of focal distance (F4 16 � 28:04, p 5 0:001). On average,
subjects only overestimated the slant at the smallest focal distance (25 cm). Slant was
progressively underestimated with larger focal distances until an asymptotic lower
bound of �108 was reached (see the thin line in figure 4). Neither viewing distance
(F2 8 5 1) nor slant (F3 12 5 1) yielded significant effects.

Finally, rotation yielded a significant main effect (F7 28 � 6:66, p 5 0:001). The
underestimation was smallest at the intermediate values of rotation (33.758, 458, 56.258).
It became gradually larger toward the more extreme values (see figure 5).

There was no significant interaction between focal distance and viewing distance
(F8 32 � 1:68, p � 0:1419) (see figure 6).

Focal distance and slant yielded a significant interaction (F12 48 � 2:61, p 5 0:01) (see
figure 4 again). On average, subjects tended to overestimate slant when the focal distance
was set to 25 cm. At larger focal distances subjects were underestimating slant. This
effect is modulated by slant. At small focal distances there are differences in estimation
error between the slant conditions. This effect disappears at larger focal distances.
More specific, when the focal distance is set to 25 cm, the slant estimation errors range
from approximately 58 to 208 depending on the veridical slant value of the grid. At a
focal distance of 125 cm the slant errors tend to cluster together a great deal more.
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Figure 4. The effect of the focal distance on the estimation error (ie the line that connects the
asterixes) and the interaction effect between slant and focal distance. Error bars represent the
standard error of the measurements.
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Figure 5. The effect of the rotation of the grid on the estimation error.
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The largest part of the variance was explained by the focal distance (88.7%). Each
of the other first-order effects explained only 1% to 3% of the variance. The only
higher-order effect that explained more than 1% of the variance was the interaction
between focal distance and slant (1.8%).

4 Discussion
The most striking observation is the absence of an interaction between viewing
distance and focal distance. In theory, we expected the estimation error to be small-
est when the centre of projection coincided with observers' viewpoint. This was not
the case. Instead, from the main effect of focal distance (figure 4), it can be seen
that slant impression is largest when the focal distance is small. Slant impression
drops to an asymptotic level with increasing focal distance. This occurs regardless
of the viewing distance. With small focal distances there is a large perspective defor-
mation in the stimulus display. Furthermore, figure 6 shows that, at a small focal
distance, slant impression varies with the veridical slant, while it does not when the
focal distance is large. This corresponds to the fact that changes in slant introduce
changes in perspective deformation at small focal distances, which is less and
less the case when the focal distance increases. Figure 7 shows how the deformation
of the texture elements due to the perspective projection changes with variations in
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Figure 7. Perspective deformation as a function of focal distance.
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slant and focal distance.(2) The pattern in this figure is very similar to the ones in
figures 4 and 6.

We suggest that subjects relied on how `squashed' the texture elements appeared
on the screen when they made their slant judgments. A similar argument has been
raised previously by Frisby et al (1995), who attributed a special role to what they
called the `linear perspective' cue in regular textures. Also, Freeman (1966) did a series
of experiments in which he made subjects match the slant of two rectangles that
differed in size. The effect of the difference in size between the rectangles on the slant
judgments was interpreted as an effect of the perspective deformation of the outline
of the rectangles. This perspective deformation varies with size. A final argument is
based on our own results. In a preliminary experiment in which more jagged stimuli
were used (ie no anti-aliasing was used) and subjects viewed the displays binocularly,
the results were basically the same as those reported here.(3) In fact, in those condi-
tions, one would expect larger errors than here because of the flatness cues. The
absence of such a difference is an additional argument in favour of the belief that a
purely image-based cue like perspective deformation was used here, instead of a full
recovery of a three-dimensional interpretation in which the viewing and focal distance
were integrated.

Whereas in Purdy's (1960) experiment the estimation error could be predicted from
the magnification, in our experiment we could not predict the estimation error from the
discrepancy between the viewing distance and the centre of projection. Instead of
somehow recovering or `guessing' the focal distance, people seem to respond to the
degree of perspective deformation in the stimulus display. However, unlike in Purdy's
experiment, where people looked monocularly at a physical grid through a hole in a
reduction screen (resulting in a field of view 25 deg in diameter), our stimuli were
presented on a computer screen (always smaller than 8 deg). This, or any other differ-
ence between the setups of both studies, may have affected the results.

Another observation that needs some explanation is the effect of rotation. As
shown in figure 6, underestimation was smallest when rotation was set to intermediate
values (33.88, 458, and 56.38). In the other conditions of this variable underestimation
became gradually more severe. We would like to interpret these results as follows. In
the 08 rotation condition one set of lines is projected horizontally. The lines in this
set are depicted parallel to each other. The other set consists of converging lines. When
the grid is rotated, the lines in each of the two sets start to converge. Both sets of lines
converge maximally at 458. In other words, there is more information on perspective
deformation in the stimulus display when the grid is rotated. Therefore, the estimation
error decreases under this condition.

5 Conclusion
In the present paper we investigated the influence of discrepancies between the focal
distance and the actual viewing distance on the estimation of slant of highly regular
grids under perspective projection. Theoretically, focal distance and viewing distance
should be the same in order to get a correct impression of slant. This was not the case.

Instead, subjects' responses were based on a strategy that relies on the amount of
perspective deformation in the stimulus display.

(2) An index of perspective deformation was calculated as the inverse of the ratio between the
length of the upper side and the lower side of the projection of a square patch slanted about its
lower side, but other related variables could have been taken just as well to make the point.
(3) An overall analysis of variance with the two experiments (as a between-subjects factor) yielded no
effect of experiment, neither as a main effect nor as an interaction effect with any of the variables
of interest.
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