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Aging and the perception of local surface
orientation from optical patterns of shading
and specular highlights

J. FARLEY NORMAN AND ELIZABETH Y. WIESEMANN
Western Kentucky University, Bowling Green, Kentucky

Younger and older observers’ ability to perceive local surface orientation from optical patterns of shading
and specular highlights was investigated in two experiments. On each trial, the observers viewed a randomly
generated, smoothly curved 3-D object and manipulated an adjustable gauge figure until its orientation matched
that of a specific local region on the object’s surface (cf. Koenderink, van Doorn, & Kappers, 1992). The per-
formance of both age groups was facilitated by the presence of binocular disparity (Experiment 1) and object
rotation in depth (Experiment 2). Observers in both age groups were able to judge the surface tilt component
of orientation more precisely than the slant component. Significant, but modest, effects of age were found in
Experiment 1, but not in Experiment 2. The ability to perceive local surface orientation appears to be relatively
well preserved with increasing age, at least through the age of 80.

In everyday environments, solid objects are illuminated
by a variety of light sources, both natural and artificial. The
surface regions of these objects reflect varying amounts of
light toward an observer’s eyes, depending on their individ-
ual orientations. Surface regions that are perpendicular to
the direction of illumination reflect the most light, whereas
those that are parallel to the direction of illumination reflect
no light. For those regions with intermediate orientations,
the amount of light reflected is proportional to the cosine
of the angle between the orientation of the surface normal
and the direction facing the light source (Lambert’s law).
Leonardo da Vinci (~1519/1970) was clearly aware of this
relationship between surface orientation and the brightness
of each region’s reflected light. In his second book on light
and shade, he stated that “the light which falls on a shaded
body at the acutest angle receives the highest light, and the
darkest portion is that which receives it at an obtuse angle”
(p- 87). For objects with shiny surfaces, such as those
composed of metal or glass, specular highlights are also
visible to an observer; these smooth surfaces reflect light
in a “mirror-like” manner, so that a reflection of the light
source is visible on the surface of the object. The apparent
position of the highlight depends not only on the position
of the light and the surface geometry of the object, but also
on the position of the observer.

As we have seen, the intensities of light reflected by an
object vary across its surface. These optical patterns of
shading and highlights contain a valuable amount of infor-
mation about 3-D object shape. Artists have taken advan-
tage of this fact for thousands of years, at least since the era
of the Roman Empire (see, e.g., Gombrich, 1976). The use

of chiaroscuro (i.e., light and shade) is especially important
for painters, since many of the most perceptually important
sources of information about 3-D shape, such as binocu-
lar disparity and motion parallax, cannot be depicted in a
single static image of any kind. Over the past 600 years, art-
ists such as van Eyck, Caravaggio, Vermeer, and de Hooch
have used patterns of shading and specular highlights to
effectively portray 3-D objects and scenes. In more recent
times, vision researchers have thoroughly investigated how
human observers use such patterns of shading and high-
lights to perceive various aspects of 3-D object shape (e.g.,
Biilthoff & Mallot, 1988; Doorschot, Kappers, & Koender-
ink, 2001; Fleming, Torralba, & Adelson, 2004; Johnston
& Passmore, 1994; Koenderink, Kappers, Todd, Norman,
& Phillips, 1996; Koenderink, van Doorn, Christou, & Lap-
pin, 1996; Langer & Biilthoff, 2000; Liu & Todd, 2004;
Norman, Todd, & Orban, 2004; Norman, Todd, & Phillips,
1995; Todd, Norman, Koenderink, & Kappers, 1997; Todd
& Reichel, 1989). Given the extensive amount of research
that has been conducted to date, it is surprising that no stud-
ies have yet examined how aging affects older observers’
abilities to perceptually utilize optical patterns of shading
and highlights. Aging is known to affect the ability of older
observers to extract information about 3-D shape from ran-
dom dot stereograms (Norman, Crabtree, et al., 2006; Nor-
man, Dawson, & Butler, 2000), patterns of motion parallax
(Andersen & Atchley, 1995; Norman, Clayton, Shular, &
Thompson, 2004), and kinetic depth effect displays (Nor-
man et al., 2000). The primary purpose of our present set
of experiments was to rectify this lack of information and
evaluate the ability of older observers to utilize shading and
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highlights for the perception of 3-D object shape. Given
the deterioration in older observers’ ability to take advan-
tage of traditional forms of binocular disparity and motion,
they may rely even more heavily than younger observers
upon other sources of 3-D information, such as shading and
specular highlights. Thus, the ability to detect and utilize
these sources of perceptual information may be relatively
unaffected by increasing age. In the present set of experi-
ments, we evaluated older observers’ sensitivity to static
patterns of shading and highlights (Experiments 1 and 2),
binocularly disparate patterns of shading and highlights
(Experiment 1), and the deforming patterns of shading and
highlights that are obtained when shaded and highlighted
object surfaces rotate in depth (Experiment 2).

Previous studies in which the effects of age upon the
perception of 3-D shape have been evaluated have utilized
sparsely sampled dotted surfaces (e.g., conventional ran-
dom dot stereograms and kinetic depth effect displays; see
Andersen & Atchley, 1995; Norman, Clayton, et al., 2004;
Norman, Crabtree, et al., 2006; Norman et al., 2000).
Such studies are important because their stimuli contained
only a single source of information about 3-D shape. It
is thus possible, for example, to study whether and how
increasing age affects the detection and utilization of bin-
ocular disparity independently of other sources of infor-
mation, such as shading. It is important to note, however,
that in ordinary environments, our behavior is targeted
toward solid objects that are defined simultaneously by
multiple sources of information: for example, reaching
for and grasping a coffee mug, a baseball, or a stapler in a
lighted room. The stimulus displays used in the present set
of experiments possessed higher ecological validity than
did those investigated previously, in that they depicted
3-D objects with solid surfaces and were thus potentially
graspable (for research on aging and grasping solid ob-
jects, see Carnahan, Vandervoort, & Swanson, 1998; Roy,
Weir, Desjardins-Denault, & Winchester, 1999).

Both Marr (1982, pp. 275-283) and Gibson (1950,
pp- 92, 99) have proposed that human observers perceive
the 3-D shape of environmental object surfaces in terms
of local surface orientation—that is, that what we know
best about an object’s 3-D shape are its constituent surface
orientations. The results of Norman and Todd (1996) and
Norman, Todd, Norman, Clayton, and McBride (2006) are
consistent with this idea; they found that human observers
can discriminate the magnitudes of differences in surface
orientation more precisely than they can the magnitudes
of differences in either surface depth or surface curvature.
At this point in time, no psychophysical studies have yet
evaluated whether aging affects the accuracy and/or preci-
sion of observers’ perceptions of local surface orientation.
Therefore, an important secondary purpose of our study
was to assess whether and to what extent aging affects the
perception of local surface orientation.

EXPERIMENT 1

Method
Apparatus. The stimulus displays were created by a dual-
processor Apple Power Macintosh G4 computer (1.42 GHz) and

were displayed on a 22-in. Mitsubishi Diamond Plus 200 color
monitor. The rendering of the shaded surfaces was accelerated by a
Radeon 9000 graphics accelerator (ATI Technologies). The stimuli
were viewed by the observers from a distance of 100 cm. Stereo-
scopic versions of the displays were presented to the observers using
CrystalEyes2 LCD-shuttered glasses (StereoGraphics).

Stimulus displays. One hundred randomly shaped objects were
created following the procedures used by Norman and Todd (1996,
1998), Norman et al. (1995), and Norman, Todd, and Orban (2004).
Each object’s surface was defined by the positions and orientations
of 32,768 triangular polygons. Each object was depicted using some
combination of texture, lambertian shading, and/or specular high-
lights. The surface shading was produced using a standard reflectance
model (see, e.g., Foley, van Dam, Feiner, & Hughes, 1996), in which
the image intensities were determined by a combination of ambient,
diffuse, and specular components. The ambient component was 0.3
for all surface types, except those surfaces defined only by specular
highlights (for which the ambient component was zero). The diffuse
component was 0.7 for surfaces defined by either lambertian shading
or a combination of texture and lambertian shading. The diffuse com-
ponent for the surfaces defined by shading and highlights was 0.4,
and the specular component was 0.3. The highlights-only surfaces
were created by setting the specular component to 1.0 and the diffuse
component to 0.0. The shininess exponent was 20 for all surfaces that
possessed specular highlights. For those surfaces that contained tex-
ture, equal areas on the surfaces received equal amounts of texture.
Examples of representative stimuli are illustrated in Figure 1.

Procedure. There were eight experimental conditions formed by
the combination of two stereoscopic conditions (binocular views
containing disparity and monocular views without disparity) and four
surface types (shading and texture, shading and highlights, shading
only, and specular highlights only). The observers completed 20 tri-
als for each of the eight conditions across two experimental sessions
(80 trials in each session, 160 trials total). One session was devoted
to the stereoscopic (i.e., binocular) judgments, whereas the other
session was devoted to the monocular judgments (the observers
wore an eyepatch over one eye in the monocular conditions).

Figure 1. Examples of the types of surfaces and objects used
in the experiments. Clockwise, starting from the upper left, are
objects with surfaces defined by shading and texture, shading
and highlights, shading only, and highlights only. A gauge figure
is depicted on the surface of each object; the observers’ task was
to adjust the orientation of the circular part of the gauge figure
in 3-D space until its orientation matched that of the local surface
region directly underneath (when the circle possessed the same
orientation as the underlying surface region, the “stick” part of
the gauge figure was perpendicular to the surface).
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The observers’ task on each trial was to adjust the orientation of
a circular gauge figure (see, e.g., Koenderink, Kappers, et al., 1996;
Koenderink, van Doorn, & Kappers, 1992; Norman et al., 1995)
until its orientation matched that of the surface region underneath it.
Each surface region to be investigated was randomly chosen, subject
only to the constraint that each region’s actual slant was between 30°
and 70°. In order to maximize their performance, all the observers
were given an unlimited amount of time to make their adjustments.

Prior to the start of the experimental trials, all the observers were
familiarized with the task by having them complete a series of prac-
tice trials in which the adjustable gauge figure was placed onto vari-
ous facets of randomly oriented stereoscopic cubes. These practice
trials were continued until each observer was comfortable with the
task; it also allowed us to ensure that the observers thoroughly un-
derstood the task before beginning the experimental trials.

Observers. Twenty-two observers participated in the experiment.
One group of observers consisted of 11 older adults (mean age was
71.2 years, SD = 5.0; the range of their ages was 65-81 years). These
observers were asked (i.e., self-report) whether they possessed eye or
retinal problems, such as macular degeneration, glaucoma, or cata-
racts (none were reported). The other group consisted of 11 younger
observers (mean age was 24.0 years, SD = 2.9). The second author
(E.Y.W.) participated in the experiment as one of the younger ob-
servers. Five of the younger observers viewed the stimulus displays
directly, whereas the other 6 viewed the experimental stimuli with 0.5
neutral density filters (Kodak Wratten No. 96). Viewing the stimuli
through the neutral density filters served to dim or reduce the bright-
nesses of these younger observers’ retinal images by two thirds. It has
been demonstrated that the retina of an average 60-year-old receives
only one third of the light that the retina of a 20-year-old would re-
ceive under identical viewing conditions (Weale, 1963, p. 168). In
our present experiment, we thus made the younger observers’ retinal
images optically identical to those of much older adults. If there is
an age effect and it is due to the reduction in the brightness of older
observers’ retinal images, we should be able to create a similar age
effect in the younger observers by reducing the brightness of their
retinal images. On the other hand, if the older adults perform more
poorly than the younger observers who view the stimuli using 0.5
neutral density filters, this would suggest that the effect of age is
due to neural, rather than optical, factors. The use of neutral density
filters to simulate the optical effects of aging in younger observers
has previously been used by other investigators (see, e.g., Bennett,
Sekuler, & Ozin, 1999; Elliott, Whitaker, & MacVeigh, 1990; Habak
& Faubert, 2000; Sekuler & Owsley, 1982).

All of the observers’ acuities were measured at a distance of
100 cm, using a Landolt C chart (Riggs, 1965). The younger ob-
servers’ average acuity was 0.98 min—! (for both young groups),
whereas that for the older observers was slightly less, 0.97 min~!
(1.0min~!is equivalent to 20/20 vision measured at 20 ft; 0.8 min—!
is equivalent to 20/25 vision). If the observers typically wore cor-
rective lenses (e.g., bifocals), they used the correction that gave the
best visual acuity for viewing the experimental stimuli. All of the
observers (except E.Y.W.) were naive with regard to the purposes of
the experiment and were unaware of how the experimental stimuli
had been generated.

Prior to the start of the experimental trials, all the observers’ stereo-
scopic capabilities were tested by showing them random dot stereo-
grams (Julesz, 1964, 1971). According to Julesz (1971), “random-dot
stereograms yield an objective, unfakable test for stereopsis” (p. 276).
All of the observers in our experiment (both younger and older) were
able to spontaneously perceive and describe the depth and 3-D shape
of surfaces depicted in random dot stereograms (maximum disparity
was 10.3 min arc) and, thus, possessed good stereopsis.

Results and Discussion

The results are shown in Figures 2—6. In the following
analyses, the results for the two groups of younger observers
(who viewed the displays with and without the 0.5 neutral

density filters) were combined, since there was no signifi-
cant difference between them! [F(1,9) = 0.015, p = .905].
The left panel of Figure 2 plots the magnitude of the ob-
servers’ total errors (i.e., the difference or angle between the
actual surface orientations and the observers’ judged sur-
face orientations) for both the binocular and the monocular
conditions (conditions with and without binocular disparity,
respectively). The right panel of Figure 2 plots the observ-
ers’ performance as a function of the various surface types.
The main effects of both stereoscopic viewing (left panel)
and surface type (right panel) were significant [F(1,20) =
227, MS, = 44.6, p = .0001, 2 = .53, and F(3,60) = 6.9,
MS, = 16.0, p < .001, 2 = .26, respectively].

In addition to the main effects of stereoscopic viewing
and surface type, there was a significant main effect of age
[F(1,20) = 4.43, MS, = 195.2, p < .05, 52 = .18]. This
effect of age is also readily apparent in the results shown
in Figure 2. The average error magnitudes produced by
the younger and older observers were 24.7° and 29.1°, re-
spectively; the older observers’ errors were 17.8% higher
than those exhibited by the younger observers. However,
the age X stereoscopic view and age X surface type in-
teractions were not significant [F(1,20) = 0.098, p = .76,
and F(3,60) = 0.02, p = .996, respectively]. The older
observers’ judgments were, therefore, also facilitated by
the presence of binocular disparity (see the left panel of
Figure 2), and their judgments were also most accurate for
the surfaces defined by shading and texture (see the right
panel of Figure 2).

Figure 3 illustrates a significant stereo X surface type
interaction [F(3,60) = 6.4, MS, = 10.4, p < .001, 2 =
.24]. Tt is readily apparent that the improvement (i.e., de-
crease in error) due to the introduction of binocular dis-
parity was larger for the textured surfaces (8.2°) than for
the surfaces defined only by shading and specular high-
lights (4.6°). The improvements due to binocular disparity
were substantial: There was a 28.7% decrease in error for
the textured surfaces and a 15.4% decrease in error for the
shaded and highlight-defined surfaces. The fact that the
decrease in error was larger for the textured surfaces is
responsible for the observed interaction.

The magnitude of the stereo X surface type interaction
illustrated in Figure 3 was itself influenced by age [i.e.,
the age X stereo X surface type interaction was signifi-
cant; F(3,60) = 2.8, MS, = 10.4, p < .05, n* = .13]. The
relevant results for the younger and older observers are
presented individually in Figures 4 and 5, respectively. It is
readily apparent from a comparison of Figures 4 and 5 that
the younger and older observers exhibited the same quali-
tative pattern of results. For example, the observers in both
age groups performed best (produced the lowest errors)
for surfaces defined by binocular disparity, with the larg-
est improvements occurring for the surfaces depicted with
both shading and texture. For those surfaces, the magni-
tudes of the errors obtained by the younger observers for
monocular viewing decreased by 36.0% when binocular
disparity was added; the analogous decrease for the older
observers was a smaller 22.1%. The younger observers’
errors for monocularly viewed surfaces defined by shad-
ing and highlights decreased by 21.6% when binocular
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Figure 2. Results of Experiment 1 for the younger and older observers. The total magnitudes of
the observers’ errors (i.e., between the actual surface orientations and the judged surface orienta-
tions) are plotted as functions of the presence or absence of binocular disparity (left panel) and sur-
face type (right panel). “S+T” refers to the surfaces defined by shading and texture. “S+H” refers
to the surfaces defined by shading and specular highlights. “S” and “H” refer to surfaces defined
only by shading and only by specular highlights, respectively. The error bars indicate =1 SE.

disparity was added; the corresponding improvement in
performance was a smaller 9.7% for the older observers.
These quantitative differences generated the significant
age X stereo X surface type interaction.

Figure 6 decomposes the total error and plots two rep-
resentative observers’ (27 and 79 years of age) adjusted
orientations in terms of surface slant and tilt. Slant and
tilt are two components of surface orientation (see, e.g.,
Koenderink, 1986; Stevens, 1983). Slant is defined as the
angle between any given region’s surface normal and a
vector pointing toward an observer’s line of sight, and #i/t
refers to the direction in the projected image in which the
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Figure 3. Results of Experiment 1. An illustration of the sig-
nificant stereo (binocular disparity vs. no binocular disparity) X
surface type interaction. The error bars indicate =1 SE.

slant occurs. Possible values for slant (for visible surface
regions) thus range from 0° to 90°, whereas possible val-
ues for tilt range from 0° to 360°. As can be seen from
these results, the younger and older observers were able
to judge surface tilt much more precisely than surface
slant. The average Pearson r correlation magnitudes for
the younger observers were .46 and .93 for surface slant
and tilt, respectively. The analogous correlations for the
older observers were .39 and .89, respectively. These val-
ues indicate that although human observers can accurately
judge the direction in which a given surface region slants
in depth (e.g., the surface slants to the left, slants to the
right, slants at a 20° angle from vertical, etc.), they are less
able to judge the magnitude of slant-in-depth.

EXPERIMENT 2

In Experiment 1, the role of binocular disparity was in-
vestigated, and it was found that the presence of binocular
disparity (i.e., stereoscopic viewing) facilitated the judg-
ments of both the older and the younger observers (see
Figure 2). The purpose of Experiment 2 was to similarly
evaluate the extent to which older observers can utilize
motion to improve their ability to perceive local surface
orientation from optical patterns containing shading and
specular highlights.

Method

Apparatus. The apparatus was identical to that used in
Experiment 1.

Stimulus displays. The stimulus displays were identical in al-
most all aspects to those used in the shading-only and highlights-
only conditions in Experiment 1. In this experiment, no binocular
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Figure 4. Results for all eight conditions in Experiment 1 for
the younger observers. The error bars indicate =1 SE.

disparity was present. The stimuli were thus identical to those used
in the monocular conditions in Experiment 1, with one exception:
In Experiment 2, the objects in half of the experimental conditions
were depicted in motion (i.e., rotation in depth about a Cartesian ver-
tical axis). For those conditions incorporating motion, each object
oscillated in depth £ 12° from a randomly chosen #ome orientation.
The apparent motion sequences consisted of 20 individual frames;
the objects rotated 1.2° at each frame transition. An example of a
typical apparent motion sequence is presented in Figure 7. Each in-
dividual frame was updated at a rate of 18.75 Hz.

Procedure. The observers’ task was the same as that used in Ex-
periment 1: to adjust the orientation of a circular gauge figure so that
its orientation matched that of a randomly chosen underlying surface
region. Once again, the observers were given an unlimited amount
of time to perform the task. The observers made 20 judgments for
each of the four experimental conditions in a single session (i.e.,
80 trials).

Observers. Ten younger observers (mean age was 24.4 years,
SD = 3.2) and 10 older observers (mean age was 71.8 years, SD =
5.3; the range of their ages was 65-81 years) participated in the
experiment. Nine of the older observers and 8 of the younger observ-
ers (including E.Y.W.) had previously participated in Experiment 1.
The younger observers’ average acuity was 1.0 min~!, and that for
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Figure 5. Results for all eight conditions in Experiment 1 for
the older observers. The error bars indicate =1 SE.

the older observers was slightly less, 0.94 min—!. No observer re-
ported any significant eye disorders, such as macular degeneration,
glaucoma, and so forth. All of the observers (except E.Y.W.) were
naive with regard to the purposes of the experiment, the nature of the
experimental stimuli, and so forth.

Results and Discussion

The results are shown in Figure 8. The right panel illus-
trates a significant effect of surface type [F(1,18) = 14.4,
MS, = 16.2, p < .002, n* = .45]. The observers’ ability
to estimate orientation was better (i.e., lower error) when
they viewed surfaces defined by lambertian shading than
when they viewed similar surfaces defined only by spec-
ular highlights. The observers’ performance for both of
these conditions was facilitated, however, by the presence
of motion [F(1,18) = 82.1, MS, = 7.5, p < .0001, n* =
.82]. This significant effect of motion is depicted in the
left panel of Figure 8. The magnitudes of the observers’
errors decreased by an average of 18.7% when the object
surfaces rotated in depth. Unlike in Experiment 1, there
was no significant effect of age [the average error magni-
tudes of the younger and older observers were 25.3° and
28.6°, respectively; F(1,18) = 1.6, p = .22]. It is possible
that with large enough samples, this small quantitative dif-
ference between the performances of the two age groups
could become statistically significant. A power analysis
revealed that we would need a sample of approximately
100 observers (50 younger and 50 older observers) to have
an 80% chance of detecting a significant effect of age as
small as the difference that was obtained in the present
experiment.

In previous studies concerning aging and the perception
of 3-D shape from motion (Andersen & Atchley, 1995;
Norman, Clayton, et al., 2004; Norman et al., 2000), dot-
ted and sparsely sampled surfaces were used as stimuli.
Interpolation processes would, therefore, be required in
order for the observers to perceive smooth surfaces (i.e.,
to “complete” the surfaces by filling in the gaps between
the points). Significant effects of age were found in these
prior experiments, especially when the temporal corre-
spondences of the points were disrupted (e.g., Norman,
Clayton, et al., 2004; Norman et al., 2000). In the pres-
ent experiment, the observers viewed 3-D object surfaces
that were much more realistic (i.e., they were solid, and
therefore, interpolation processes were not required) and
were depicted with smooth shading or specular highlights
(simulating either matte or shiny surfaces, respectively).
A significant effect of age was not found in the present
experiment. It is possible that the relatively good perfor-
mance of the older observers was due to the more realistic
nature of the stimulus displays (i.e., more information was
available to support the observers’ judgments than in the
prior studies). Another explanation may involve the na-
ture of the task. The previous experiments (e.g., Norman,
Clayton, et al., 2004; Norman et al., 2000) required the ob-
servers to discriminate between the 3-D shapes of objects
presented across different trials (thus, the discrimination
task had a memory component), whereas the task used in
the present experiment required the older observers only
to judge the local shape of a single object presented on any
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Figure 6. Results of Experiment 1 illustrating the difference in precision in the observers’ judg-
ments of surface slant and tilt. The top row presents the results of a representative older observer for
the condition in which the surfaces were defined by stereoscopic patterns of shading and highlights.
The bottom row presents the analogous results for a representative younger observer. Note that al-
though there is a 52-year difference in their ages, these observers’ results are remarkably similar.

given trial (thus, the memory demands of the present task
were much lower).

GENERAL DISCUSSION

The results of Experiment 1 support previous find-
ings of age-related deficits in the stereoscopic perception
of 3-D shape (Norman et al., 2000; Norman, Crabtree,
et al., 2006), as well as the findings in those studies that
have found reductions in stereoacuity with increasing
age (Bell, Wolf, & Bernholz, 1972; Brown, Yap, & Fan,
1993; Haegerstrom-Portnoy, Schneck, & Brabyn, 1999;
Jani, 1966; Wright & Wormald, 1992). It is interesting to
note that whereas all of the studies to date in which the
stereoscopic perception of 3-D shape has been evaluated
have shown significant effects of age, the studies in which
stereoacuity and aging have been evaluated have had
mixed and contradictory results. For example, whereas
many studies have shown that stereoacuity declines with
age (Bell et al., 1972; Brown et al., 1993; Haegerstrom-
Portnoy et al., 1999; Jani, 1966; Wright & Wormald,
1992), many other, similar studies have shown no dete-
rioration in stereoacuity with increases in age (Greene &
Madden, 1987; Hofstetter & Bertsch, 1976; Tiffin, 1952;
Yekta, Pickwell, & Jenkins, 1989).

The results of Experiment 1 did reveal that there was
a significant effect of age upon the observers’ ability to
judge local surface orientation for all the surface types.
It is also true, however, that the effect of age was rela-

tively small and quantitative; in almost every other way,
the pattern of the older observers’ results was qualitatively
similar to that of the younger observers (see Figures 2—-6).
For example, the older observers’ performance was facili-
tated by both the presence of binocular disparity (Experi-
ment 1) and object rotation in depth (Experiment 2). The
results would also appear to indicate that older observers
can effectively perceive local surface orientation from op-
tical patterns of shading and specular highlights and that
they can do so with almost the same level of accuracy
and precision as observers who are 40-50 years younger.
In addition, the observers in both age groups were much
more precise at judging surface tilt than surface slant
(Figure 6).

The results of Experiment 1 revealed that the observ-
ers’ ability to perceive local surface orientation improved
when they viewed the surfaces stereoscopically. This im-
provement occurred not only for the textured condition,
but also for the conditions in which the surfaces lacked
visible texture and were defined exclusively by image
shading and specular highlights. This is important be-
cause, when surface texture is present, it can serve as a
carrier for traditional forms of binocular disparity. Bin-
ocular disparity is conventionally defined as the differ-
ence in the projected positions of identifiable surface
features across an observer’s left and right eyes. When
texture is present, the individual texture elements mark
and identify individual surface positions that then can be
matched across the left and right eyes’ views. Such tradi-
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Figure 7. Six frames (Frames 1, 5, 9, 13, 17, and 20) taken from a representative
apparent motion sequence. The depicted object’s surface was shiny and was optically
defined by specular highlights. Note that the rotation of the object in depth produced
a complex deformation of the pattern of specular highlights.

tional binocular disparities do not occur when observers
view stereoscopic surfaces defined only by shading and/or
specular highlights. For these types of surfaces, only pat-
terns of smoothly changing light intensities are reflected
into the observers’ eyes; there are no marks or features that
can identify corresponding surface locations across an
observer’s left and right retinal images. Nevertheless, the
observers in our Experiment 1 (both younger and older)
were able to take advantage of the information present in
the binocular shaded and highlight conditions: The ob-
servers’ errors decreased an average of 12.3% when they
stereoscopically viewed the shaded and highlight-defined

30.0 | I
r T
L
5 20.0r
o)
o
S
w100}
O 1 1
Static Moving

Viewing Condition

surfaces (see Figures 3—5; the decrease was 11.8% for the
older observers and 12.8% for the younger observers).
These results confirm and extend earlier psychophysical
research in which binocularly disparate patterns of shad-
ing and highlights have been investigated (see, e.g., Biilt-
hoff & Mallot, 1988; Doorschot et al., 2001; Johnston &
Passmore, 1994; Norman, Todd, & Orban, 2004; Norman
et al., 1995). In a similar vein, surface texture, when avail-
able, serves as a carrier to define the velocities that are
needed for conventional structure-from-motion processes.
Note that in Experiment 2, in which neither of the surface
types contained texture, the observers greatly benefited
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Figure 8. Results of Experiment 2 for all the observers. The total magnitudes of the observ-
ers’ errors (i.e., between the actual surface orientation and the judged surface orientation)
are plotted as functions of the presence or absence of motion (left panel) and surface type
(right panel; S, shading; H, highlights). The error bars indicate =1 SE.
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from the object motion (see Figure 8). This rotation of the
objects in depth produced deformations in the resulting
patterns of smooth shading and specular highlights (see
Figure 7 for an example deformation). Even though these
deformations of shading and highlights cannot be success-
fully analyzed using conventional structure-from-motion
algorithms (see Norman & Todd, 1994; Norman et al.,
1995; Todd, 1985), our observers were able to utilize these
deformations to more accurately perceive the local shape
of the object surfaces. The results of our Experiment 2 are
similar to those in a number of past investigations (Koen-
derink, Kappers, et al., 1996; Norman, Todd, & Orban,
2004; Norman et al., 1995) but also extend them to a con-
siderable degree by documenting that older observers can
also take advantage of and use deforming shading and
highlight fields to effectively perceive 3-D object shape.
The results of Experiments 1 and 2 suggest that the ability
to perceive local surface orientation from optical patterns
of shading and highlights is relatively robust and contin-
ues to function effectively at least through the age of 80.

AUTHOR NOTE

Correspondence concerning this article should be addressed to J. F.
Norman, Department of Psychology, Western Kentucky University,
1906 College Heights Blvd. #21030, Bowling Green, KY 42101-1030
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NOTE

1. Previous studies have similarly shown that younger observers’ per-
formance is not adversely affected when their retinal illuminance is re-
duced by neutral density filters to match the lowered retinal illuminance
that normally exists for older observers because of lens opacification
or senile miosis (see Bennett, Sekuler, & Ozin, 1999, in which little or
no effect of reduced retinal illumination for high-noise conditions was
shown; see also Elliott, Whitaker, & MacVeigh, 1990; Habak & Faubert,
2000; Norman, Clayton, Shular, & Thompson, 2004; Norman, Crabtree,
et al., 2006). The present results and those of the previous studies sug-
gest that the various effects of age that have been obtained are not due
to optical factors but, rather, to neurophysiological changes within the
visual system.

(Manuscript received June 29, 2005;
revision accepted for publication February 20, 2006.)


http://www.ingentaconnect.com/content/external-references?article=0340-1200()46L.183[aid=3222105]
http://www.ingentaconnect.com/content/external-references?article=0096-1523()11L.689[aid=2385675]
http://www.ingentaconnect.com/content/external-references?article=0096-1523()11L.689[aid=2385675]
http://www.ingentaconnect.com/content/external-references?article=0301-0066()26L.807[aid=1465433]
http://www.ingentaconnect.com/content/external-references?article=0033-295x()96L.643[aid=2385678]
http://www.ingentaconnect.com/content/external-references?article=0033-295x()96L.643[aid=2385678]
http://www.ingentaconnect.com/content/external-references?article=0275-5408()9L.115[aid=188407]
http://www.ingentaconnect.com/content/external-references?article=0275-5408()9L.115[aid=188407]

