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Aging and the perception of slant
from optical texture, motion parallax,
and binocular disparity
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The ability of younger and older observers to perceive surface slant was investigated in four experiments.
The surfaces possessed slants 0f 20°, 35°, 50°, and 65°, relative to the frontoparallel plane. The observers judged
the slants using either a palm board (Experiments 1, 3, and 4) or magnitude estimation (Experiment 2). In
Experiments 1-3, physically slanted surfaces were used (the surfaces possessed marble, granite, pebble, and
circle textures), whereas computer-generated 3-D surfaces (defined by motion parallax and binocular dispar-
ity) were utilized in Experiment 4. The results showed that the younger and older observers’ performance was
essentially identical with regard to accuracy. The younger and older age groups, however, differed in terms of
precision in Experiments 1 and 2: The judgments of the older observers were more variable across repeated
trials. When taken as a whole, the results demonstrate that older observers (at least through the age of 83 years)
can effectively extract information about slant in depth from optical patterns containing texture, motion paral-

lax, or binocular disparity.

Over the past 200 years, researchers have thoroughly in-
vestigated the various sources of optical information that
support the human perception of 3-D object shape. Any
list of these sources would certainly include binocular dis-
parity (e.g., Julesz, 1960, 1964, 1971; Wheatstone, 1838),
motion parallax (e.g., Helmholtz, 1866/1925; Norman,
Clayton, Shular, & Thompson, 2004; Ono & Wade, 2005;
Rogers & Graham, 1979, 1982), shading (e.g., Biilthoff &
Mallot, 1988; Todd, 1985; Todd & Reichel, 1989), specu-
lar highlights (e.g., Norman, Todd, & Phillips, 1995; Todd,
Norman, Koenderink, & Kappers, 1997), and gradients of
optical texture (e.g., Andersen, Braunstein, & Saidpour,
1998; Gibson, 1950a, 1950b; Newman, Whinham, &
MacRae, 1973; Rosas, Wichmann, & Wagemans, 2004;
Saunders, 2003; Todd & Akerstrom, 1987; Todd, Thaler,
& Dijkstra, 2005). Although aging has been a subject of
psychological interest for almost 100 years (e.g., Hall,
1922), little research on aging and the perception of 3-D
object shape was conducted until about a decade ago.

In the past 10—15 years, psychologists have begun to
evaluate older observers’ ability to perceive various aspects
of 3-D object shape from binocular disparity (Norman,
Crabtree, Herrmann, et al., 2006; Norman, Dawson, &
Butler, 2000), motion (Andersen & Atchley, 1995; Nor-
man et al., 2004; Norman, Dawson, & Butler, 2000), shad-
ing (Norman, Crabtree, Norman, et al., 2006; Norman
& Wiesemann, 2007), and specular highlights (Norman,
Crabtree, Norman, et al., 2006; Norman & Wiesemann,

2007). All of these studies have shown significant negative
effects of increasing age on the perception of 3-D shape.
The age differences, however, have largely been quantita-
tive; the qualitative patterns of older observers’ percep-
tual judgments are typically similar to those exhibited by
younger observers. Some of the largest age effects have
involved the perception and discrimination of 3-D shape
from motion (see, e.g., Norman et al., 2004; Norman,
Dawson, & Butler, 2000). This is perhaps not surprising,
because other research has consistently shown that older
observers’ ability to detect and discriminate motion itself
is reduced, relative to that of younger observers (see Habak
& Faubert, 2000; Norman, Ross, Hawkes, & Long, 2003;
Snowden & Kavanagh, 2006). Likewise, 30 years of re-
search have clearly demonstrated that older observers ex-
hibit difficulty in detecting intermediate and high spatial
frequencies (see, e.g., Arundale, 1978; Bennett, Sekuler, &
Ozin, 1999; Elliott, Whitaker, & MacVeigh, 1990; Kline,
Schieber, Abusamra, & Coyne, 1983; McGrath & Mor-
rison, 1981; Morrison & Reilly, 1986; Owsley, Sekuler,
& Siemsen, 1983). Given this age-related reduction in the
ability to detect higher spatial frequencies, one might ex-
pect that older observers would face a similar difficulty
in extracting the spatial information embedded in texture
gradients. If so, this would lead to a deterioration in older
observers’ ability to perceive the slants in depth of 3-D sur-
faces from patterns of optical texture. One of the primary
purposes of the present set of experiments was to evaluate
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Figure 1. Sample photographs of the textured surfaces that
were used as the experimental stimuli in Experiments 1, 2, and 3.
Top row, granite; second row from top, pebbles; third row from
top, marble; bottom row, circles.

this possibility, since no research has yet been conducted
to examine older observers’ ability to extract 3-D informa-
tion from optical patterns of surface texture. A secondary
purpose of the present experiments was to compare older
observers’ ability to perceive surface slant from optical
texture (Experiments 1 and 2) with their ability to perceive
surface slant from optical patterns of motion parallax and
binocular disparity (Experiment 4).

EXPERIMENT 1

Method

Apparatus. The observers’ slant judgments were made using
a palm board (Braunstein, 1968; Creem-Regehr, Gooch, Sahm,
& Thompson, 2004; Gibson, 1950b). On each trial, the observers
placed the palm of their right hand on the surface of the palm board
and were instructed to adjust the slant of the palm board in depth
until its slant matched that of the textured surface (the observers
were not able to see their hand during this process; they were re-
quired to continuously view the textured surface during the adjust-
ment). The orientations of the palm board (sampled at approximately
100 Hz) were monitored by a miniBird 500 position and orientation
measurement system (Ascension Technology, Burlington, VT). The
miniBird system can measure orientations with a resolution of at
least 0.5°. The miniBird system was itself controlled by a Dell Di-
mension XPS T450 computer.

Stimulus displays. The experimental stimuli were flat, textured
surfaces that were viewed at a variety of fixed physical slants, rela-
tive to the frontoparallel plane. Three of the four texture types were
natural (granite, marble, and a texture composed of pebbles), and
the fourth consisted of a random arrangement of circles (the cir-
cular texture elements were 7 mm in diameter). Examples of the
textured stimuli are shown in Figure 1, and their Fourier transforms
are shown in Figure 2. On every trial, the textures were placed in
random orientations with respect to the vertical. The physically
slanted surfaces were viewed monocularly through a circular oc-
cluding aperture. The textured surface regions that were visible to

the observers subtended 21.8° visual angle (cf. Todd et al., 2005).
The viewing distance from the observers’ eye to the nearest part of
the textured surfaces was 25 c¢m; the farthest visible portion of the
textured surfaces across the various slant conditions was 50 cm. The
observers viewed the texture patterns while using a chinrest in order
to prevent head movements.

Procedure. There were a total of 16 distinct experimental condi-
tions formed by the orthogonal combination of four texture types
(granite, marble, circle, and pebble textures) and four values of slant
(20°,35°, 50° and 65° relative to the frontoparallel plane; the surface
tilt was always vertical, with the top of the textured surface slanted
backward; for additional information about surface slant and tilt, see
Koenderink, 1986; K. Stevens, 1983). All combinations of texture
type and surface slant were presented within a single block of 16 tri-
als; the order of conditions within a block was randomly determined
for each individual observer. All of the observers completed five
blocks of trials. Each observer thus judged the slants of 80 textured
surfaces (4 texture types X 4 physical slants X 5 repetitions).

Observers. Thirty-six observers participated in the experiment.
Twelve of the observers were 61 years of age or older (mean age,
70.6 years; SD, 4.7; range, 61-78), and another 24 observers were
27 years of age or younger (mean age, 19.8 years; SD, 3.1). One of
the older observers (age, 75 years) possessed macular degeneration
in her left eye. However, her right eye was unaffected, and the visual
acuity in that eye was good. Because of the good acuity in her right
eye (and the fact that only monocular vision was needed in the pres-
ent experiment), she was allowed to participate. None of the other
observers reported any eye or retinal problems (e.g., macular degen-
eration, glaucoma, cataracts). The observers’ visual acuity was as-
sessed at a distance of 50 cm, using a Landolt C chart (Riggs, 1965).
The younger observers’ mean acuity was 0.99 min—!, whereas that
for the older observers was slightly less, 0.86 min~! (1.0 min~! is
equivalent to 20/20 vision measured at 20 ft; 0.8 min—! is equivalent
to 20/25 vision).

The 24 younger observers were divided into two groups of 12. One
of these groups of younger observers viewed the textured surfaces

Granite

Circle

Marble Pebble

Figure 2. Fourier transforms (contrast enhanced) for the four
textures used as stimuli in Experiment 1.
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Figure 3. Results of Experiment 1 for the younger and older observers. For each texture
type, the observers’ adjusted slants are plotted as a function of the actual surface slants. The
error bars indicate =1 standard error. Accurate performance is indicated by the solid diago-

nal line. ND, neutral density.

directly, whereas the other group viewed the textured surfaces using
0.5 neutral-density (ND) filters (Kodak Wratten No. 96). Viewing
the surfaces through these ND filters served to reduce the bright-
ness of these younger observers’ retinal images by two thirds. This
manipulation made their retinal images similar to those of a typical
60-year-old (see Weale, 1963). The use of ND filters to simulate the
optical effects of aging in younger observers has previously been
used by other investigators (see, e.g., Bennett et al., 1999; Elliott
et al., 1990; Habak & Faubert, 2000; Sekuler & Owsley, 1982).

Results and Discussion

The observers’ results are shown in Figures 3—7. Fig-
ures 3, 4, and 5 plot the observers’ means (i.c., accuracy)
for the various conditions, and the nature and magnitude
of the observers’ variability across repeated trials (i.e.,
precision) is plotted in Figure 7. The overall results for
the three groups of observers are shown in Figure 3. As
is clearly evident, there was a large and reliable effect of
physical slant: Increases in the physical slant of the tex-
tured surfaces produced proportional increases in the per-
ceived slant. This effect of physical slant was confirmed
by the results of a three-way ANOVA [F(3,99) = 439.2,
p <.0001, n2 = .93]. The variations in physical slant ac-
counted for 63.2% of the total variance in the observers’
judgments. Given that similar past research has shown
significant underestimation (e.g., Gibson, 1950b; Rosas
et al., 2004; Saunders, 2003), it is interesting that our ob-
servers did not exhibit underestimation. In contrast, our
observers’ judgments of slant were accurate for all three
of the natural textures (marble, granite, and pebble tex-

tures). The judgments of our observers were less accurate
for the manmade circle texture, and they overestimated in
this condition (see the lower right panel of Figure 3). This
main effect of texture type (circles vs. marble, granite, and
pebbles) was statistically significant [F(3,99) = 12.9,p <
.0001, »2 = .28].

As can also be seen in Figure 3, there was no consistent
main effect of age [F(2,33) = 1.1, p = .36]; nor was there
any difference between the group of younger observers
who viewed the textured patterns while using ND filters
and the group of younger observers who did not use the ND
filters. However, the age X texture interaction was signifi-
cant [F(6,99) = 7.8, p <.0001, 2 = .32]. This interaction
is illustrated in Figure 4. One can see from an examina-
tion of Figure 4 that whereas the older observers perceived
less slant than did the younger observers for the marble,
granite, and circle textures, they perceived more slant than
did the younger observers for the pebble textures. The dif-
ferences between the older and the younger age groups
were most salient for the marble and pebble textures. For
example, the average difference between the perceived
slants for the marble and pebble textures was only 1.9° for
the younger observers (48.4° vs. 46.5°, respectively). In
contrast, the difference between the perceived slants for
the marble and pebble textures for the older observers was
a large 9.3° (40.1° vs. 49.4°, respectively).

Both the slant X texture and the age X slant X texture
interactions were significant [F(9,297) = 2.7, p < .01,
n?=.08,and F(18,297) = 2.2,p < .01, % = .12, respec-
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Figure 4. Results of Experiment 1. The younger and older observers’ adjusted slants are
plotted as a function of texture type.Y, younger observers; Y-ND, younger observers who
viewed the stimuli using 0.5 neutral-density filters; O, older observers. The error bars indi-
cate =1 standard error. The solid horizontal line (at 42.5°) indicates accurate performance.

tively]. In order to more clearly illustrate the nature of these
interactions, Figure 5 plots a subset of the full results that
were shown in Figure 3. The slant X texture interaction is
readily apparent in the right panel: Note that as the actual
slant increased, there was a larger increase in judged slant
for the circle textures than for the pebble textures (i.e., the
slopes of the curves differ). It is important to note, how-
ever, that this slant X texture interaction occurred only
for the older observers. This difference (a slant X texture
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interaction for the older observers and no such interac-
tion for the younger observers) was responsible for the
observed age X slant X texture interaction. These inter-
actions, despite being statistically significant, are quite
small: Taken together, they account for only 0.7% of the
total variance in the observers’ judgments.

In additional analyses, we correlated each individual
observer’s judged slants with the actual slants. Represen-
tative data for 2 observers (1 older observer and 1 younger
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Figure 5. Results of Experiment 1 illustrating the significant slant X texture and age X slant X texture interactions.

The error bars indicate =1 standard error.
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Figure 6. Representative results of Experiment 1 for individual younger and older observers. The best-fitting linear

regression lines are also indicated.

observer in the granite texture condition) are plotted in Fig-
ure 6. The average Pearson r correlation coefficient was
.9 (r2 = .81) for the younger observers and .74 (#2 = .55)
for the older observers. One can see from an inspection of
Figure 6 that the judgments of the older observers were less
precise (i.e., they exhibited greater variability across re-
peated judgments for the same experimental condition). To
further investigate the apparent age effect on the precision
of the observers’ judgments, we conducted an ANOVA on
the observers’ 2 values. (The individual 72 values indicate
how much of the variance in each observer’s judgments of
slant can be accounted for by changes in physical slant:
High r2 values indicate high precision and low variability
across repeated judgments, whereas low 72 values indi-
cate low precision and high variability.) The results of the
ANOVA revealed that there was a large effect of age on
the precision of the observers’ judgments [F(2,33) = 20.0,
p <.0001, »2 = .55]. This main effect of age is illustrated
in Figure 7. The main effect of texture was significant, as
was the age X texture interaction [F(3,99) = 7.3, p <.001,
n? = .18, and F(6,99) = 2.4, p < .04, 2 = .13, respec-
tively]. The age X texture interaction can be clearly seen
in Figure 7. The precision of the younger observers’ judg-
ments was essentially the same for all four surface textures.
However, this was not true for the older observers. The
older observers’ judgments were significantly less precise
(i.e., the older observers exhibited more variability across
repeated judgments) for the marble textures (the older ob-
servers’ average 72 value was .44 for the marble texture and
.6 or higher for the granite, pebble, and circle textures).

EXPERIMENT 2

The results of Experiment 1 indicate that older observ-
ers’ monocular judgments of slant from texture are accu-
rate (see Figures 3 and 4). However, the older observers’
judgments were more variable and less precise than those
of the younger observers (see Figures 6 and 7). Given that
the observers made their judgments of slant manually,

using a palm board, and that aging is known to lead to
deteriorations in fine motor control (e.g., Newell, Vaillan-
court, & Sosnoff, 2006), it is conceivable that the reduced
precision that we observed in the older observers was due
to a reduction in their motor abilities. The purpose of Ex-
periment 2 was to evaluate the perception of slant from
texture by using a dependent measure that had no motor
component at all (no palm board, no mouse adjustments,
etc.). Accordingly, in the present experiment, we asked
our observers to report their perceived slants verbally,
using magnitude estimation (S. S. Stevens, 1975). If the
older observers’ judgments continued to be less precise
than those of the younger observers, we can conclude that
the choice of method is not responsible and that aging
does, indeed, lead to a deterioration in the precision of
slant judgments from patterns of optical texture.

Method

Apparatus. The apparatus was identical to that used in Experi-
ment 1.

Stimulus displays. The stimulus displays were identical to those
used in Experiment 1.

Procedure. The experimental conditions and procedures were
identical to those used in Experiment 1, with one important excep-
tion. In the present experiment, the observers judged the amount
of perceived slant by using verbal magnitude estimation. On each
trial, the observers were required to provide a verbal estimate of the
apparent surface slant, using a scale that ranged from 0° (surface
appeared to be frontoparallel) to 90° (surface appeared parallel to
the observer's line of sight).

Observers. Twelve younger (mean age, 19.5 years; SD, 3.0) and
12 older (mean age, 73.5 years; SD = 4.7; range, 67-83) observers
participated in the experiment. None of the observers had previously
participated in Experiment 1. The younger observers’ mean acuity
was 1.0 min~!, whereas that for the older observers was slightly
less, 0.95 min~!. No observer reported any significant eye disorders,
such as macular degeneration, glaucoma, and so forth.

Results and Discussion
The results are shown in Figures 8—10 (once again, Fig-
ures 8 and 9 plot the accuracy of the observers’ judgments,
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Figure 7. Results of Experiment 1 for the younger and older observers. The observers’ r2
values (obtained by correlating the actual and the perceived slants) are plotted for each of the
four texture types. Y, younger observers; Y-ND, younger observers who viewed the stimuli
using 0.5 neutral-density filters; O, older observers. The error bars indicate =1 standard

error.

and Figure 10 plots the precision). Figure 8 plots the
younger and older observers’ adjusted slants as functions
of the actual slant and texture type. Once again, the ob-
servers’ perceived slants increased linearly with increas-
ing physical slants. This effect of physical slant was highly
significant and accounted for 56.7% of the total variance
in the observers’ judgments [F(3,66) = 114.5, p < .0001,
n? = .84]. It is readily apparent, however, that the observ-
ers underestimated in the present experiment. There was
also a significant main effect of texture [F(3,66) = 7.6,
p =.0002, n% = .26], as well as a significant age X texture
interaction [F(3,66) = 5.3, p < .01, 2 = .2]. The nature
of this age X texture interaction can be clearly seen in
Figure 8. Whereas there was no effect of age at all for the
marble and granite textures, there was a small but signifi-
cant effect of age for the circle and pebble textures: It is in-
teresting to note that the older observers’ judgments were
the most accurate in these conditions. Figure 9 illustrates
a very small but significant slant X texture interaction.
Note that the rate of increase in the observers’ perceived
slants with increasing physical slant was larger for circle
textures and smaller for pebble textures [F(9,198) = 3.5,
p <.001, %2 = .14].

It is interesting that the slant judgments of the observers
in the present experiment (using magnitude estimation)
were less accurate than those of the observers in Experi-
ment 1 (who used a motoric judgment involving a palm
board). This pattern of results, that observers are often
more accurate when making motoric judgments, is well
known in the literature. For example, when observers make

purely perceptual judgments of distance in depth, they are
typically inaccurate (e.g., Lappin, Shelton, & Rieser, 2006;
Loomis, Da Silva, Fujita, & Fukusima, 1992; Loomis &
Philbeck, 1999; Norman, Crabtree, Clayton, & Norman,
2005; Norman, Lappin, & Norman, 2000; Norman, Todd,
Perotti, & Tittle, 1996). However, when observers make
their judgments of distance motorically using blindfolded
walking, they are typically accurate (e.g., Loomis et al.,
1992; Rieser, Ashmead, Talor, & Youngquist, 1990; Steen-
huis & Goodale, 1988; Thomson, 1983).

As in Experiment 1, we once again correlated each
observer’s repeated slant judgments for each texture type
with the actual surface slants. Pearson » correlation co-
efficients were once again obtained. If the observers’ r2
values are high, that would indicate that their repeated
judgments of slant were precise (low intrinsic variabil-
ity; most of the variance in the observers’ judgments can
be accounted for by changes in the actual surface slant).
Conversely, if the observers’ 72 values are low, that would
indicate that their repeated judgments were not precise
(a lot of intrinsic variability; a smaller amount of the
variance in the observers’ judgments can be accounted
for by changes in the actual surface slant). The results of
the correlational analysis are presented in Figure 10. It is
important to note that overall, the observers’ judgments
were precise despite the use of magnitude estimation.
Actual changes in physical surface slant accounted for
60%—75% of the total variance in the observers’ verbal
estimates of slant. An ANOVA conducted upon the ob-
servers’ r2 values revealed a significant main effect of
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Figure 8. Results of Experiment 2 for the younger and older observers. For each texture
type, the observers’ perceived slants are plotted as a function of the actual surface slants.
The error bars indicate =1 standard error. Accurate performance is indicated by the solid

diagonal line.

texture [F(3,66) = 5.9, p < .002,n2 = 21], as well as a
significant age X texture interaction [F(3,66) = 3.0,p <
.05, »2 = .12]. The observers’ precision was highest for
the circle texture and was lowest for the marble texture.
One can readily see in Figure 10 that there were effects
of age on precision for all three of the natural texture
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Figure 9. Results of Experiment 2 illustrating the significant
slant X texture interaction. The error bars indicate =1 standard
error. Accurate performance is indicated by the solid diagonal
line.

types (marble, granite, and pebbles). However, the pre-
cisions of the two age groups’ judgments of slant were
equivalent for the circle texture.

In the introduction, we hypothesized that because aging
is known to reduce older observers’ sensitivity to high
spatial frequencies, this might adversely affect older ob-
servers’ ability to extract and utilize the spatial informa-
tion in texture gradients in order to perceive slant in depth.
Although we did find some age-related deteriorations in
performance in Experiments 1 and 2 (e.g., age effects on
precision; see Figures 7 and 10), our results, in general,
are different from what would have been expected. For ex-
ample, the circle texture contains the most power at high
spatial frequencies, while the marble texture contains the
least (see Figure 2). One might have thought, therefore,
that any age-related deteriorations in performance would
have been largest for the circle texture and smallest for
the marble texture. We obtained the opposite pattern of
results: Overall, the negative effects of age were small-
est for the circle texture and were largest for the marble
texture (see, e.g., the results for the marble condition in
Figure 7). Many of the older observers told us that it was
very difficult to estimate surface slant from the marble
textures. For these textures, even though the accuracy of
the older observers’ slant judgments was as high as that
of the younger observers (see Figures 3 and 8), the older
observers’ repeated judgments were much more variable
and imprecise than those of the younger observers (see
Figures 7 and 10).
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Figure 10. Results of Experiment 2 for the younger and older observers. The observers’ r2
values (obtained by correlating the actual and the perceived slants) are plotted for each of
the four texture types. Y, younger observers; O, older observers. The error bars indicate =1

standard error.

EXPERIMENT 3

The observers’ judgments of slant in Experiment 1
(see Figure 3) were generally accurate: Our observers did
not exhibit the underestimation that has been obtained in
many previous studies (see, e.g., Andersen et al., 1998;
Rosas et al., 2004; Saunders, 2003; Todd et al., 2005).
Given that our surfaces were physically slanted in depth
(instead of being simulated computationally and then dis-
played on a frontoparallel monitor or projection screen),
it is possible that other monocular factors, such as ac-
commodative blur (Ciuffreda, Wang, & Vasudevan, 2007;
Frisby, Buckley, & Horsman, 1995; Watt, Akeley, Ernst,
& Banks, 2005), contributed to the accurate performance
of our observers in Experiment 1. Gibson (1950b) ac-
knowledged the possibility that differential blur might
contribute to the perception of slant; he stated that “dif-
ferential blur might be . . . a visual determinant of phe-
nomenal slant, although there is some doubt as to its ef-
ficacy” (p. 376). The purpose of the present experiment
was to test whether the presence of accommodative blur
does contribute to the perception of slant.

Method

Apparatus. The apparatus was identical to that used in Experi-
ments | and 2.

Stimulus displays. The stimulus displays were identical to those
used in Experiments 1 and 2. In this experiment, however, only the
granite and circle textures were used.

Procedure. In one of the two viewing conditions, the procedures
were identical to those used in Experiment 1. In the other condition,
the observers viewed the textured surfaces while using an artificial

pupil (0.5-mm diameter); viewing the surfaces through the artificial
pupil removed the accommodative blur from the observers’ retinal im-
ages (see Experiment 2 in Frisby et al., 1995). The usage of artificial
pupils also leads to reduced retinal illuminance. We found, however,
in Experiment 1 that reductions in retinal illuminance (due to the 0.5
ND filters) had no effect on the observers’ judgments. Therefore,
any effect of the artificial pupils obtained in the present experiment
would probably be due to their effects on accommodative blur.

Observers. Nine observers (mean age, 24.0 years; SD, 2.2) par-
ticipated in the experiment. None of the observers had previously
participated in either Experiment 1 or 2. The observers’ mean acuity
was 1.0 min~—!. For 3 of the observers, we measured their natural
pupil diameters under our lighting conditions; the mean and stan-
dard deviation were 3.8 and 0.2 mm, respectively.

Results and Discussion

The observers’ results are shown in Figures 11 and 12.
Once again, there was a strong effect of physical slant
on the observers’ perceived slants [F(3,24) = 923, p <
.0001, n2 = .92]. There was also a significant effect of
the artificial pupils [F(1,8) = 13.9, p < .01, n2 = .64].
As can be seen in Figure 11, the removal of the accom-
modative blur led to a decrease in perceived slants for both
texture types. Changes in the texture also had significant
effects: There was a significant main effect of texture,
as well as significant slant X texture and viewing con-
dition X slant X texture interactions [texture, F(1,8) =
10.8, p < .02, 52 = .57; slant X texture, F(3,24) = 7.4,
p = .001, 2 = .48; viewing condition X slant X texture,
F(3,24) = 7.8, p = .001, 2 = .50]. These main effects
and interactions involving texture are evident in the re-
sults shown in Figure 12. Note, for example, that there is
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Figure 11. Results of Experiment 3. The observers’ adjusted slants are plotted as functions of actual surface slants,
texture type, and viewing condition (the observers viewed the stimuli with and without 0.5-mm artificial pupils). The
error bars indicate =1 standard error. Accurate performance is indicated by the solid diagonal line.

an interaction between slant and texture in the right panel
(when observers viewed the stimulus patterns through an
artificial pupil). This interaction did not occur for normal
viewing, thus triggering the viewing condition X slant X
texture interaction.

The removal of the accommodative blur (by having the
observers view the textured stimuli through an artificial
pupil) led to a significant reduction in the observers’ per-
ceived slants. This was especially true for the granite tex-
ture. In those conditions (Figure 11, open symbols, left
panel), the observers exhibited a considerable amount of
underestimation. The results of this experiment suggest
that the underestimation of slant that is typically observed
in experiments involving computer-generated textures is
probably due to the lack of blur. Our data also show (pres-
ent results and Figure 3) that observers’ monocular judg-
ments of slant are typically accurate (i.e., no underestima-
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tion) when the observers view physically slanted surfaces
at close range and, thus, can utilize both texture gradients
and blur as optical sources of information.

EXPERIMENT 4

Experiments 1 and 2 showed that older observers’ mon-
ocular judgments of stationary slanted surfaces were just as
accurate as those of much younger observers (see Figures 3,
4, and 8). Indeed, the older observers’ judgments were more
accurate than the younger observers for three out of the four
texture types in Experiment 1 (see Figure 4) and were more
accurate for two of the texture types in Experiment 2 (see
Figure 8). When one considers that the older observers in
Experiments 1 and 2 were more than 52 years older than
the younger observers, this would appear to suggest that
the monocular ability to perceive surface slant is quite ro-
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Figure 12. Results of Experiment 3, illustrating the significant slant X texture and viewing condition X slant X texture
interactions. The error bars indicate =1 standard error. Accurate performance is indicated by the solid diagonal line.
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bust to the effects of increasing age. Does this age-related
similarity in performance also extend to the perception of
slanted surfaces defined by motion and binocular disparity?
Past research has frequently shown that older observers’
performance is reduced for tasks involving the detection
and discrimination of surfaces defined by motion and bin-
ocular disparity (Andersen & Atchley, 1995; Laframboise,
De Guise, & Faubert, 2006; Norman et al., 2004; Norman,
Crabtree, Herrmann, et al., 2006; Norman, Dawson, & But-
ler, 2000). The purpose of the present experiment was to
evaluate the effects of age on the perceived slant of stereo-
scopic and motion-defined surfaces.

Method

Apparatus. In this experiment, the stereoscopic surfaces were
generated by the same Dell Dimension XPS T450 computer that
was used to measure the orientation of the palm board. An Apple
PowerMacintosh G4 computer was used to generate the motion-
defined surfaces. All of the stimuli were then presented on a 22-in.
Mitsubishi Diamond Plus 200 color monitor (1,280 X 1,024 pixel
resolution). The observers viewed all of the stimuli using a chinrest,
so that their heads remained stationary.

Stimulus displays. The slanted surfaces were defined by the
disparities and motions of high-contrast points presented against
a black background. The stimulus displays subtended 21.8° and
were viewed through a circular aperture. The viewing distance was
71.5 cm (a distance of 71.5 cm was necessary for the motion- and
disparity-defined surfaces to have the same projected size as the
surfaces used in the previous experiments). The dotted patterns pos-
sessed either a high density of 7.7 dots/deg? or a low density of
0.77 dots/deg?. Given that the area of the aperture was 375 deg?, ap-
proximately 2,900 (high-density) or 290 (low-density) points were
visible within the aperture at any moment in time.

The stereoscopic stimuli were presented as anaglyphs (as in our
most recent experiments on aging and stereopsis; see Norman, Crab-
tree, Herrmann, et al., 2006). The surface points presented to one
eye were rendered in red, and the points presented to the other eye
were rendered in green. The observers wore glasses with red/green
filters, so that each eye’s view contained only the points appropriate
for that eye. The slanted surfaces in the motion conditions translated
orthogonally to the observers’ line of sight (i.e., left or right) at a
speed of 15 cm/sec (12 deg/sec). Because the rendering included
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perspective and the surfaces were oriented so that the top of the
surface was slanted back in depth, the resulting moving pattern con-
tained a gradient of projected speeds (i.e., faster speeds at the bottom
and slower speeds at the top).

The slant of the depicted surfaces was defined only by the pat-
tern of projected speeds or binocular disparities: The points were
spatially distributed homogeneously within the 2-D projected im-
ages that were displayed on the monitor (i.e., there were no texture
element density gradients that might serve as a source of informa-
tion for slant). Our moving stimuli were thus similar to those in
Braunstein (1968); he also depicted slanted surfaces by using a
speed gradient, with no accompanying gradient of texture element
density.

Procedure. A total of four experimental conditions were formed
by the orthogonal combination of two stimulus types (surfaces de-
fined by motion vs. binocular disparity) and two surface point den-
sities (7.7 vs. 0.77 points/deg?). Separate blocks of trials were run
for each of these four experimental conditions. The order of these
blocks was counterbalanced across observers. Within any given
block of trials, each of the surface slants (20°, 35°, 50°, and 65°) was
presented five times; each block thus contained 20 trials. Within
each block, the order of surface slants was randomly determined. By
the end of the experiment, each observer had estimated the slants of
80 surfaces. On any given trial, the observers’ task was the same as
that in Experiment 1: They were required to place their right hand
upon the palm board and to adjust its orientation until it matched that
of the depicted surface (the observers were unable to see their hand
during this adjustment process).

Observers. Twenty observers participated in the experiment. Ten
of the observers were 63 years of age or older (mean age, 73.6 years;
SD, 5.7; range, 63—82), and another 10 observers were 22 years of
age or younger (mean age, 19.2 years; SD, 1.6). All of the observers
were screened to ensure that they possessed stereopsis. We showed
them random-dot stereograms depicting a variety of curved sur-
faces (we used the same curved surfaces that were utilized in Ex-
periment 1 in Norman et al., 2004); all of the observers were able
to spontaneously describe the 3-D shape of the depicted surfaces,
thus demonstrating stereopsis. None of the observers had previously
participated in Experiment 1, 2, or 3. No observers reported any eye
or retinal problems (e.g., macular degeneration, glaucoma, cataracts,
etc.). The younger observers’ mean acuity was 1.0 min~—!, and that
for the older observers was slightly less, 0.96 min—! (1.0 min—! is
equivalent to 20/20 vision measured at 20 ft; 0.8 min—! is equivalent
to 20/25 vision).
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Figure 13. Results of Experiment 4. The younger and older observers’ adjusted slants are plotted as functions of simu-
lated slant and stimulus type (binocular disparity vs. motion-defined surfaces). The error bars indicate =1 standard
error. Accurate performance is indicated by the solid diagonal line.
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Figure 14. Results of Experiment 4, illustrating the significant
stimulus type (binocular disparity vs. motion) X slant interac-
tion. The error bars indicate =1 standard error. Accurate per-
formance is indicated by the solid diagonal line.

Results and Discussion

Various aspects of the observers’ results are shown in
Figures 13—18 (Figures 13—16 plot the accuracy of the
observers’ judgments, and Figure 18 plots the precision).
The observers’ adjusted slants are plotted for each age
group and stimulus type in Figure 13. There were no ef-
fects of age: Neither the main effect nor any of the in-
teractions were significant [e.g., main effect, F(1,18) =
0.1, p = .72, »2 = .007]. It is readily evident from an
inspection of Figure 13 that the observers’ judged slants
increased as a function of the actual slants [F(3,54) =
80.3, p < .0001, 2 = .82]. However, it is also clear that
the observers’ rate of increase in perceived slant (rela-
tive to changes in the actual slant) was less than that ob-
tained in Experiment 1 (see Figure 3). In Experiment 1,
as the actual slants changed by 45° (from 20° to 65°), the
observers’ perceived slants changed by 40° (from 27.8°
to 67.8°). In the present experiment, as the actual slants
changed by 45° (also from 20° to 65°), the observers’
perceived slants changed by a smaller 25.9° (from 33.1°
to 59.0°). The difference in the rate of increase in per-
ceived slant between Experiment 1 and the stereoscopic
condition in the present experiment was significant
[F(1,40) = 12.1, p = .001, »2 = .23]. This difference
in rate of increase in perceived slant was also signifi-
cant between the results of Experiment 1 and the motion
condition in the present experiment [F(1,40) = 7.6, p <
.01, 2 = .16].

In addition to the main effect of slant, there was a sig-
nificant main effect of stimulus type [binocular disparity
vs. motion F(1,18) = 20.7, p = .0002, 52 = .54], so that
the observers’ perceived slants were higher for the stereo-
scopic surfaces, particularly at the lower simulated slants.
This main effect of stimulus type can be seen in Figure 14;
the interaction of stimulus type and slant was also signifi-
cant [F(3,54) = 7.9, p = .0002, 2 = .3], and this interac-
tion is also evident in the results shown in Figure 14.

The ANOVA revealed that although there was no sig-
nificant main effect of density [F(1,18) = 1.2, p = .29,
n? = .06], there were two significant interactions involv-
ing density. The density X slant interaction [F(3,54) =
4.5, p < .01, »2 = .2] is illustrated in Figure 15, and
the density X stimulus type interaction [F(1,18) = 13.2,
p = .002, n2 = 42] is presented in Figure 16. One can
see in Figure 15 that for the high-density surfaces, the
observers’ perceived slants continued to increase as the
actual slant was changed from 50° to 65°. The observers’
perceived slants for the low-density surfaces, however,
asymptoted at the higher actual slants. This difference
(linear increase vs. asymptote) is responsible for the
observed density X slant interaction. Figure 16 shows
that the effect of increases in density was different for
the stereoscopic and the motion-defined surfaces. As the
surface point density increased, that led to a decrease
in perceived slant for the motion-defined surfaces, but
not for the stereoscopic surfaces. It is important to note,
in this context, that the most accurate performance oc-
curred when the observers judged the slants of the high-
density moving surfaces.

In order to evaluate the precision of the observers
judgments, we once again correlated each observer’s ad-
justed slants with the actual slants. Figure 17 plots one
older observer’s (77 years of age) adjusted slants for the
low-density stereoscopic condition. It is clear from this
observer’s results that he could not reliably see a slanted
surface in depth when the simulated slant was 65°: For
four out of the five repeated trials, the gradient of binoc-
ular disparities was apparently too high for this observer.
This inability to reliably perceive surface slant from high
binocular disparity gradients occurred for half of the
older observers and 2 of the younger observers. For these
observers, we did not include their judgments for the 65°
slant condition in the correlational analyses, because
they were unable to perceive slant from these patterns
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Figure 15. Results of Experiment 4, illustrating the significant
density X slant interaction. The error bars indicate =1 standard
error. Accurate performance is indicated by the solid diagonal
line.
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Figure 16. Results of Experiment 4, illustrating the significant
density X stimulus type (binocular disparity vs. motion) interac-
tion. The error bars indicate =1 standard error. Accurate perfor-
mance is indicated by the horizontal line.

reliably. In Figure 17, the solid line indicates the best-
fitting regression line for those stimulus patterns that the
observer was able to perceive reliably (the slope of this
best-fitting regression line is 1.134, whereas it would
have been —0.082 if we had included the judgments for
the 65° condition). The average Pearson r correlation co-
efficients were .79 for the younger observers and .77 for
the older observers. The precision of the observers’ judg-
ments (i.e., 72 values) are plotted in Figure 18 for the four
different experimental conditions. The only variable to
have a significant effect on the precision of the observ-
ers’ judgments was density [F(1,18) = 6.7,p <.02,n%2 =
.27]: The average r2 value was .68 for the high-density
surfaces and .6 for the low-density surfaces. One can see
from a comparison of Figures 7 and 18 that the preci-
sion of the observers’ judgments was similar for both
Experiments 1 (perceived slant from texture) and 4 (per-
ceived slant from binocular disparity and motion). The
overall difference in precision between Experiments 1
and 4 was not significant [binocular disparity vs. texture,
F(1,40) = 0.1, p = .72, 2 = .003; motion vs. texture,
F(1,40) = 2.6, p = .12, n? = .06].

GENERAL DISCUSSION

The results of Experiments 1 and 2 clearly showed that
the observers’ monocular judgments of slant from opti-
cal patterns of texture correlated highly with the actual
surface slants (see Figures 3 and 8). Given that aging is
known to produce quantitative reductions in performance
for a variety of 3-D tasks involving the utilization of bin-
ocular disparity (Laframboise et al., 2006; Norman, Crab-
tree, Herrmann, et al., 2006; Norman, Dawson, & Butler,
2000; Norman et al., 2008), motion (Andersen & Atchley,
1995; Norman et al., 2004; Norman, Dawson, & Butler,
2000), lambertian shading (Norman & Wiesemann, 2007),
and specular highlights (Norman & Wiesemann, 2007), it

is interesting and important to find in the present experi-
ments that the older observers’ judgments of slant from
texture were just as accurate as the judgments produced by
the younger observers (see, e.g., Figures 3 and 4). Figure 4
shows that the older observers were, in fact, more accurate
than the younger observers for three out of the four texture
types (i.e., marble, granite, and circles). It would appear
that texture is an important source of optical information
that can be effectively utilized by older observers, even
those as old as 78-83 years (the oldest observers in our
study).

The results of Experiments 1 and 2 did demonstrate,
however, that increases in age led to a reduction in the
precision of the older observers’ repeated judgments of
surface slant from textured patterns (see Figures 6, 7, and
10). The older observers did exhibit more variability in
their repeated judgments of slant from texture, regardless
of the particular mode of response. Because both motoric
(Experiment 1, Figure 7) and nonmotoric (Experiment 2,
Figure 10) judgments led to significant reductions in preci-
sion for the older observers, it appears that increasing age
is associated with increases in the variability of perceived
slant from texture (i.e., the cause of the reduced precision
in Experiment 1 is probably not connected to any age-
related motor difficulty in adjusting the palm board, be-
cause the older observers also exhibited reduced precision
for most of the texture types in Experiment 2 with purely
verbal judgments). Another reason for believing that the
reduced precision obtained in Experiment 1 for the older
observers was not due to any motoric difficulty in using
the palm board is the finding in Experiment 4 (perceived
slant from motion and binocular disparity) of similar pre-
cisions for younger and older observers (see Figure 18).
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Figure 17. Results for 1 individual older observer (77 years of
age), obtained for the stereoscopic, low-density condition. The
observer’s adjusted slants are plotted as a function of the actual
surface slants. The solid line indicates the best-fitting regression
line (not including the 65° simulated slants, which the observer
could not see reliably).
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Figure 18. Results of Experiment 4 for the younger and older observers. The observers’ r2 values
(obtained by correlating the simulated and the perceived slants) are plotted for each of the four
combinations of surface point density and stimulus type.Y, younger observers; O, older observers.

The error bars indicate =1 standard error.

Experiment 4 was conducted to assess younger and
older observers’ ability to perceive surface slant from
computer-generated patterns containing binocular dispar-
ity or motion and to compare the resulting performances
with those obtained for the textured surfaces in Experi-
ment 1. The results of Experiment 4 were similar to those
obtained in Experiment 1 in that the observers’ perceived
slants increased as the simulated slant was increased. It
is interesting to note, however, that the slopes (rate of in-
crease in perceived slant, relative to changes in simulated
slant) obtained with the computer-generated surfaces were
less than those obtained with the physically slanted tex-
tured patterns (cf. Figures 13 and 3). The mean slope for
Experiment 1 (texture patterns) was 0.87, whereas those
for Experiment 4 were 0.65 and 0.66 for the binocular
disparity and motion-defined surfaces, respectively. Such
reduced slopes have also been obtained in past research.
Both van Ee (2001; see the left panel of his Figure 4) and
Bradshaw, Hibbard, van der Willigen, Watt, and Simpson
(2002; see their Figure 4) found that the rate of increase
in perceived slant (relative to increases in simulated slant)
was considerably less than 1.0. Our stereoscopic results
are especially close to those in Bradshaw et al. (see their
Figures 4A and 4C). Braunstein (1968) used motion gradi-
ents similar to ours (speed gradients with no accompany-
ing texture element density gradients) and also found low
slopes. Braunstein found that as he increased the motion-
specified slants from 0° to 60°, his observers’ perceived
slants increased from 1.7° to 20.7°. Our observers’ judg-
ments (see the left panel of Figure 13) were considerably

more accurate than those obtained by Braunstein (our ob-
servers’ mean slope was 0.66, whereas the slope obtained
by Braunstein was 0.32; perfectly accurate performance
would be indicated by a slope of 1.0).

Past research on the perception of slant, conducted
mostly with computer-generated texture patterns, has
typically shown underestimation (e.g., Andersen et al.,
1998; Gibson, 1950b; Newman et al., 1973; Rosas et al.,
2004; Saunders, 2003; Todd et al., 2005). The observ-
ers in our Experiment 2 also exhibited underestimation
when they judged the surface slants by using magnitude
estimation (see Figure 8). The accurate judgments that
were obtained in Experiment 1 (see Figure 3) for the three
natural texture types (marble, granite, and pebbles) are
therefore interesting, because accuracy in slant estima-
tion has rarely been demonstrated in prior research (see,
however, the results of Zimmerman, Legge, & Cavanagh,
1995). The results of Experiment 3 suggest that accom-
modative blur contributes to the perception of slant; when
it was removed from the observers’ retinal images, their
perception of the surface slant decreased (see Figure 11).
Our results are thus consistent with those of Ciuffreda
et al. (2007), Frisby et al. (1995), and Watt et al. (2005),
who suggested that retinal blur serves as an important
source of information supporting the perception of sur-
face slant and depth.

To conclude, we found in the present investigation that
older observers’ perceptual judgments of surface slant
were as accurate as those of much younger observers.
Furthermore, this similarity in performance was obtained



AGING AND PERCEIVED SLANT 129

for all of the surface types that were investigated (surfaces
defined by binocular disparity, as well as those defined by
monocular patterns of texture or motion). This similar-
ity in performance with regard to accuracy might seem
surprising, given the well-established fact that aging is
known to reduce older observers’ sensitivity to higher
spatial frequencies (when the task is to detect the pres-
ence or absence of simple sine-wave luminance gratings;
see, e.g., Owsley et al., 1983). Our results suggest that the
knowledge of an older observer’s contrast sensitivity func-
tion does not necessarily allow us to predict how well that
observer can perceive the 3-D slants of environmental sur-
faces. Parallel findings occur in haptics; Norman, Crabtree,
Norman, et al. (2006; see Figure 3) found that there was
no relationship between an older observer’s tactile acuity
and his or her performance on a 3-D shape discrimination
task. Gibson (1950a; see pp. 84-85, 92-93, and 172-173)
identified two sources of information about slant that are
contained within projected images of textured surfaces.
The first potential source of information about slant is
provided by changes in texture element density. Given a
homogeneously textured surface, when its orientation is
frontoparallel, there will be no changes in texture element
density across its projected image; when the surface is
slanted in depth, however, the change in texture element
density across the projected image varies with the magni-
tude of the slant (higher slants result in larger changes in
texture element density). The second potential source of
information about slant involves changes in the projected
shape of texture elements. Consider a planar surface cov-
ered with circular texture elements. When the surface ori-
entation is frontoparallel, the projected texture elements
are also circular. However, when the surface is slanted in
depth, the projected texture elements become elliptical.
The eccentricity of the projected elliptical texture ele-
ments becomes greater as the slant of the surface in depth
is increased (see, e.g., the bottom row of Figure 1). The
results from our Experiments 1 and 2 (see Figures 3 and 8)
suggest that older observers can effectively utilize both of
these potential sources of information about slant. The ac-
curate performance for the granite textures indicates that
older observers are sensitive to texture element density
gradients, and the older observers’ accurate performance
for the circle textures suggests that they can also use the
eccentricity of the projected texture elements to estimate
surface slant. Perhaps the most interesting finding of our
experiments, however, does not involve age: Our present
results indicate that texture gradients (perhaps in conjunc-
tion with other monocular sources of information, such as
accommodative blur) may be more effective sources of
information about surface slant than are gradients of ei-
ther binocular disparity or motion (cf. Figures 3 and 13). It
appears to us that J. J. Gibson (1950a, 1950b) was correct
in pointing out the importance of texture gradients for the
perception of environmental slant.
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