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Interaction of first- and second-order direction in
motion-defined motion
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Motion-defined motion can play a special role in the discussion of whether one or two separate systems are
required to process first- and second-order information because, in contrast to other second-order stimuli, such
as contrast-modulated contours, motion detection cannot be explained by a simple input nonlinearity but re-
quires preprocessing by motion detectors. Furthermore, the perceptual quality that defines an object (motion
on the object surface) is identical to that which is attributed to the object as an emergent feature (motion of the
object), raising the question of how these two object properties are linked. The interaction of first- and second-
order information in such stimuli has been analyzed previously in a direction-discrimination task, revealing
some cooperativity. Because any comprehensive integration of these two types of motion information should
be reflected in the most fundamental property of a moving object, i.e., the direction in which it moves, we now
investigate how motion direction is estimated in motion-defined objects. Observers had to report the direction
of moving objects that were defined by luminance contrast or in random-dot kinematograms by differences in
the spatiotemporal properties between the object region and the random-noise background. When the dots
were moving coherently with the object (Fourier motion), direction sensitivity resembled that for luminance-
defined objects, but performance deteriorated when the dots in the object region were static (drift-balanced
motion). When the dots on the object surface were moving diagonally relative to the object direction (theta
motion), the general level of accuracy declined further, and the perceived direction was intermediate between
the veridical object motion direction and the direction of dot motion, indicating that the first- and second-order
velocity vectors are somehow pooled. The inability to separate first- and second-order directional information
suggests that the two corresponding subsystems of motion processing are not producing independent percepts
and provides clues for possible implementations of the two-layer motion-processing network. © 2001 Optical
Society of America

OCIS codes: 330.4150, 330.4060.
1. INTRODUCTION
The input to visual systems is rarely static but is charac-
teristically affected by (and representative of) environ-
mental motion, by movement of the observers or their
eyes or by objects moving around in the world. Thus mo-
tion information is an extremely rich source of informa-
tion for living organisms about their relationship to their
physical and biological surroundings. As a consequence,
motion-processing mechanisms have evolved to the high-
est levels of sophistication (for a review, see Ref. 1). It is
hardly surprising, therefore, that humans are able to ex-
ploit a great variety of properties that define moving con-
tours or objects. Typically, stimulus properties are clas-
sified as first order or Fourier because they are
determined by the luminance or color attributes from a
single location in the retinal image. In contrast, second-
order or non-Fourier properties such as contrast, texture,
flicker, or motion are determined by the relationship be-
tween the stimulus attributes from two or more stimulus
locations. In order to extract this type of information,
the visual system needs to employ specific nonlinear op-
erations that compare the input signals from at least two
points in time or two locations in space.2,3 Such opera-
tions can be comparatively simple in their implementa-
tion, like the rectification of a bandpassed image, where
0740-3232/2001/092321-10$15.00 ©
the bandpass (which is needed to remove the average
stimulus intensity) represents the input from multiple lo-
cations and the rectification represents the essential
nonlinearity.4 Because more processing stages are re-
quired for detecting higher-order motion, the number of
essential nonlinear operations grows, and, correspond-
ingly, the order of nonlinearity of the mathematical for-
mulations increases. However, there is no unique corre-
spondence between the mathematical order of
nonlinearity of the operator required for extracting a
given motion stimulus5 and the classification of this
stimulus as first or second order. Therefore it has been
suggested that the terms primary and secondary be used
for characterizing stimuli so as to avoid confusion with
the degree of processing nonlinearity.6 Furthermore, it
has been suggested that even more complex processing
mechanisms, which use saliency maps as input for motion
detectors,7 account for the extraction of motion from some
types of stimuli, giving rise to the notion of third-order
motion.8 So the current debate is driven by both the
question of whether a single processing system9 can ac-
count for the whole range of phenomena in theoretical
terms and the question of how many principally different
phenomena should be distinguished.

In the case of motion-defined motion, the preprocessing
2001 Optical Society of America
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that is necessary to extract contours from the retinal sig-
nals to produce input to motion-detecting mechanisms is
a comparison across space and time, that is, an analysis
of spatiotemporal correlation. Two variants on this class
of motion stimuli, labeled theta and wavy motion, have
been implemented in random-dot kinematograms
(RDKs): (a) Theta-motion stimuli consist of distinct ob-
jects that can be seen moving across a display only be-
cause their outline is discriminated from a dynamic-noise
background on the basis of the distribution of local motion
signals. The crucial feature of these stimuli is that the
(random-dot) texture on the object surface, which has ex-
actly the same spatial and temporal structure as the
background, does not move in the same direction as the
object itself but in an orthogonal,2 or opposite, direction.10

Motion on the object surface therefore cannot be used to
identify the direction of object motion. (b) Wavy-motion
stimuli consist of motion-defined gratings, for example,
RDKs constructed from alternating columns of upward
and downward dot motion. When the regions of vertical
dot motion in opposite directions are shifted horizontally,
human observers can perceive horizontal motion despite
the fact that all the dots are moving vertically.7,11

A question about the ecological context in which
motion-defined motion would be experienced has been
raised. Because it obviously would be difficult to find
such stimuli outside the psychophysical laboratory, they
should be regarded as artificial stimuli for studying the
ability of humans to process complex motion distribu-
tions. The theoretical significance of motion-defined mo-
tion lies in the recursive nature of these stimuli, which
suggests distinct ways of processing beyond the assump-
tion of simple input nonlinearities. The fundamental
properties of both theta and wavy motion can be ac-
counted for by a two-layer model consisting of a network
of motion detectors the output of which is fed into a sec-
ond network of motion detectors (at a slightly lower spa-
tial resolution), thus extracting the movement of the mo-
tion signal.11,12 This model is consistent with a number
of psychophysical and physiological properties of human
motion vision,13–15 although so far no specific locations
have been specified in the cortex that can be attributed to
the consecutive processing stages.16–18 In the following,
we will use the two-layer network of motion detectors as a
parsimonious system that coherently explains the percep-
tion of motion-defined motion without appealing to
higher-level processes such as attention. This approach
offers a simple computational model for simulating all
necessary operations and predicts results in a quantita-
tive fashion. Against this background, it will be argued
that because of its recursive nature, motion-defined mo-
tion can play a special role in the ongoing dispute about
possible mechanisms for processing second-order stimuli
in the human visual system.

It should be obvious from the phenomenological defini-
tion of first- and second-order stimuli, and from the cur-
sory review of some aspects of the literature presented
above, that there is no simple answer to the question of
whether the processing of second-order information re-
quires mechanisms that are additional to and indepen-
dent of those dealing with first-order information or
whether a single processing mechanism is sufficient to ac-
count for both phenomena (e.g., Refs. 9 and 19–24). Al-
though it is clear that second-order motion cannot be de-
tected by a system with perfectly linear preprocessing, it
is also evident that systems with nonlinear preprocessing
can be devised that would detect not only second-order
motion but also first-order motion.4 It would therefore be
easy to construct a single system to extract the motion of
contrast-defined and luminance-defined patterns, thereby
raising the question of whether an independent system
with perfectly linear preprocessing is implemented in mo-
tion vision. However, the detection of motion-defined
gratings cannot be explained by an implicit input nonlin-
earity but explicitly requires motion detectors for prepro-
cessing. In the two-layer motion detector network that
accounts for this aspect of human perception, first- and
second-order motion would be represented at the consecu-
tive processing stages12; the simple question as to
whether a single system or two separate systems are re-
quired to process first- and second-order information
would find a simple answer: The two kinds of informa-
tion are represented at two consecutive stages of a pro-
cessing sequence.

To gain further insight into the processing structure of
motion information, we want to look at another aspect,
which goes beyond the basic segmentation problem25:
the integration of first- and second-order motion informa-
tion, or the interaction between the stages of the two-
layer model. To this end, we exploit the crucial peculiar-
ity of motion-defined motion: The perceptual quality
that defines an object (motion of the texture on the object
surface) and that is attributed to the object as an emer-
gent feature (motion of the object itself) are the same.
The interaction of first- and second-order information has
previously been analyzed in some detail in a direction-
discrimination task that assessed sensitivity to theta mo-
tion and revealed cooperativity over a limited range of
directions.26 If these two types of motion information are
integrated in the human visual system, one would expect
that this should be reflected in the most fundamental
property of a moving object, i.e., the direction in which it
is seen to move. We wanted to investigate whether the
perceived direction of a moving object is determined by a
combination of first-and second-order motion information.

In the study presented here, we examined how motion
information is integrated across the different layers by
asking observers to estimate the absolute direction of ob-
ject motion. For this purpose we compared direction sen-
sitivity in a simple psychophysical paradigm that mini-
mized position cues for four different classes of object
motion:

1. Luminance-defined motion: A bright object is mov-
ing in front of a dark background; this stimulus was used
as a reference, being the most fundamental apparent-
motion stimulus that can be seen by everyone without
further explanation (because the object is visible even in
the single, still frame).

2. Fourier motion: In an RDK a group of dots is dis-
placed coherently in front of a dynamic-noise background
(classical RDK, as in Ref. 27); this stimulus has the same
spatial frequency composition as 2. and 3.

3. Drift-balanced motion: The RDK consists of a
dynamic-noise background in which a region is embedded
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where all dots are static; this region itself is moving (com-
parable to the stimuli used in Refs. 28 and 29).

4. Theta motion: In an RDK a region of moving dots
is moving in front of a dynamic-noise background; the
dots within this region are moving not in the same
direction as the object but with the same speed at a fixed
angle relative to the object (similar to the stimuli used in
Ref. 26).

It will be shown that not only is the accuracy of direction
estimation affected by the particular class of motion
stimulus but that we also misperceive the direction of ob-
ject motion when the texture on the object is not moving
along with the object.

2. METHODS
A. Subjects and General Procedures
Six observers (aged between 30 and 43 years; three male
and three female) with normal or corrected-to-normal
eyesight participated in our experiments. Two of them
were the authors of this paper, but they did not show any
systematic difference from the other four, completely na-
ı̈ve, observers. The experiments presented here are the
result of an interhemispheric collaboration: Two subjects
were tested in Adelaide and four in London on two iden-
tical sets of the experimental apparatus. In a dimly lit
room, subjects were seated in front of a monitor at a view-
ing distance of 0.75 m with the head stabilized by a chin
rest. Inexperienced participants familiarized themselves
with the experimental setup and the task by running
through as many practice trials as they felt appropriate
(approximately 20 trials were sufficient). Subjects could
then run the experiment by themselves in a self-paced
manner guided by short instructions appearing on the
stimulus monitor. A new trial was triggered by entering
the response to the previous stimulus. Subjects needed
about one hour to complete all four experiments.

B. Apparatus
Stimuli were generated on a Cambridge Research Sys-
tems Visual Stimulus Generator (VSG 2/3) and were dis-
played on a 20-in., high-resolution monitor (EIZO T662),
with a display area of 800 3 600 pixels. The stimulus
sequence for each trial, consisting of 32 frames, was pre-
pared in the memory of the graphics board before each
presentation and was copied to the display screen at a
frame rate of 80 Hz during the trial. A square-shaped
stimulus field of 256 3 256 pixels was positioned in the
center of the screen. At a viewing distance of 0.75 m the
stimulus field subtended 8.8 deg of visual angle in each
dimension. The luminance of the entire screen back-
ground was set to 22 cd/m2. For luminance-defined mo-
tion, the dark stimulus field was set to 5 cd/ m2, and the
bright object was set to 53 cd/m2. For the other classes of
motion, the individual dots in the RDKs were 1
3 1 pixel in size (2.1 arc min in each dimension), and
they were set randomly with equal probability to be dark
(5 cd/m2) or bright (53 cd/m2) dots, leading to a contrast of
75%.

For all classes of motion stimuli, square-shaped objects
of 32 3 32 pixels size (1.1 deg in each dimension) were
displaced by 2 pixels between consecutive frames, leading
to a speed of 5.5 deg/s. Because the object could move in
any direction, the position of the object (i.e., the memory
location at which the object region was plotted) was cal-
culated for each frame, and intermediate locations were
rounded to the nearest integer. This procedure was ad-
equate to create motion stimuli that appeared as perfectly
smooth to our observers. Motion directions were chosen
from eight sectors in random order by assigning a dis-
placement angle that was combined from an integer mul-
tiple of 45 deg and a random number between 115 and
215 deg (directional jitter). Thus the data could be ana-
lyzed in categories corresponding to cardinal or diagonal
directions, but the stimuli had no visible preference for
any particular motion direction. So that subjects were
prevented from judging motion direction from the location
at which the object disappeared at the end of a stimulus,
the trajectory did not cross the center of the stimulus
field. Rather, the start position was randomized with an
independent positional jitter of 64 pixels in both vertical
and horizontal directions. This positional uncertainty,
being of the same order as the complete trajectory, was
large enough to make subjects focus on motion direction
instead of object position.

C. Stimuli
Before each motion stimulus sequence an empty back-
ground frame (5 cd/m2) was presented for 1 s. The actual
motion sequence (32 frames displayed in 400 ms) was pre-
ceded by a short beep and followed by another 1-s presen-
tation of the empty background frame. The subject was
then cued to report the perceived direction of motion (see
below) by another short beep. The four classes of motion
stimuli were tested in blocks of trials, always in the fol-
lowing order:

1. Luminance-defined motion: Each stimulus frame
was generated by copying the bright object region into the
empty background field, as described above, leading to a
bright square moving in front of a dark background (see
inset in Fig. 1 below). A random direction in each of the
8 sectors was tested in a single block, and subjects com-
pleted 80 trials in 10 successive blocks.

2. Fourier motion: For each stimulus frame the back-
ground was generated by copying a 256 3 256 pixel re-
gion from a random position in a large random-dot pat-
tern. This procedure leads to random changes of
luminance for all background pixels. A region, randomly
chosen (once for each trial) from another large random-
dot pattern, was copied into the background field for each
of the frames, with the object position determined as de-
scribed above. In consequence, a square region of coher-
ently moving dots is traveling in front of a dynamic noise
background (see inset in Fig. 2 below). Subjects com-
pleted 80 trials in 10 successive blocks.

3. Drift-balanced motion: For each stimulus frame
the dynamic-noise background was generated as de-
scribed in 2. from a large random-dot pattern. A region,
randomly chosen (once for each trial) from another large
random-dot pattern, was copied into the background field
for each of the frames. The copy and the paste position of
this region were incremented identically to shift this re-
gion across the stimulus field. This leads to a region of
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static dots moving within a field of dynamic noise [see in-
set in Fig. (3)]. Subjects were tested with 80 trials in 10
successive blocks.

4. Theta motion: For each stimulus frame the
dynamic-noise background was generated as described in
2. from a large random-dot pattern. A region randomly
chosen (once for each trial) from another large random-
dot pattern was copied into the background field for each
of the frames. In this case, the copy base position and
the paste position were incremented as in all other cases
(see above), but the copy position was incremented by the
same amount as the paste position plus an additional dis-
placement determined by the motion of the dots on the ob-
ject surface relative to the object itself (for more detailed
methods, see Ref. 12). The motion of surface dots was ei-
ther 145 or 245 deg relative to the direction of object mo-
tion and was always at the same speed as the object. As
a result, an object region is moving within a dynamic-
noise background and the dots within this region are
moving diagonally relative to the object itself [see inset in
Fig. (4)]. A random direction in each of the 8 sectors was
tested twice in a single block in random order, one with
each relative motion direction of the surface dots, and
subjects were tested with 160 trials in 10 successive
blocks.

D. Task
After each trial, a short beep sounded and then a gray
ring (inner diameter 280 pixels, outer diameter 360 pix-
els) with a small bright disk (8 pixels in diameter) in its
center appeared on the screen along with a green cursor
cross that could be moved around by means of the mouse.
The subjects were asked to position the cursor on the
circle at the location that corresponded to the direction of
the object motion from the central bright spot. Before
the experiment, the subjects were given clear instructions
to report the direction of the object motion, no matter how
these objects might appear to them, without considering
what might happen on the object surface. They were also
reminded to keep their gaze still on the center of the
screen and not to follow the movement of the object. (No
fixation target was presented in the main experiments be-
cause we did not want to provide a static reference cue in
the region of object motion.) Furthermore, it was explic-
itly pointed out to the subjects that they should not indi-
cate where the object had disappeared nor try to use po-
sition cues but to report, in this polar coordinate system,
the motion direction of an object that could move at vari-
able locations within the stimulus field. Once they felt
comfortable with the direction setting, the subjects
pressed a mouse button, and the cursor turned red for a
short period before the next trial was initiated.

3. RESULTS AND DISCUSSION
The first experiment used luminance-defined objects to
provide a reference data set that described direction sen-
sitivity for the simplest possible apparent-motion stimuli.
The systematic error and the accuracy achieved for this
stimulus reflect the performance limitations determined
by the experimental conditions used here.

The results of this experiment are illustrated in Fig. 1.
A general impression of the response accuracy is given by
the scatter diagram [Fig. 1(a)], in which the motion direc-
tion reported by a typical subject (MBH) for each of the 80
trials is plotted as a function of the actual direction of ob-
Fig. 1. Experimental results for luminance-defined objects (sketched as inset). (a) Scatter diagram of perceived motion direction (or-
dinate) plotted for each of 80 trials as function of the actual direction of object motion (abscissa) for subject MBH; the diagonal line
indicates the veridical direction. (b) Histogram of direction-estimation errors (the difference between perceived and veridical motion
direction) for subject MBH. (c) Means and SEMs (n 5 80) of the estimation errors for each of six subjects (indicated by initials).
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ject motion. The data points are rather close to the diag-
onal line that indicates the veridical direction. The scat-
ter diagram shows a trend that the estimation errors, i.e.,
the deviations from the veridical direction, tend to be
smaller for stimuli around 90, 180, 270, and 360 deg, that
is along the cardinal directions, as compared with stimuli
along oblique directions, i.e., 45, 135, 225, and 315 deg.
This behavior resembles the oblique effect described for
direction discrimination with use of other motion
stimuli.30 However, the current result could also be
partly due to our stimulus configuration, since the
square-shaped stimulus field and object provided strong
reference signals along the cardinal directions. Because
such oblique effects were not our primary interest and be-
cause we are using the direction sensitivity for
luminance-defined objects as a reference point for the
other classes of motion stimuli that were tested under ex-
actly the same conditions, we did not analyze this aspect
of the data further and instead pooled data from all sec-
tors of the stimulus domain.

In the next step of the analysis we determined the dis-
tribution of direction-estimation errors, that is, the differ-
ence between perceived and actual motion direction. The
resulting histograms [shown for subject MBH in Fig. 1(b)]
show moderately wide (range larger than 30 deg) and ap-
proximately normal distributions. Thus we calculated
the means and variances for the estimation errors, to
measure any systematic deviation of perceived direction
and the accuracy of the perceptual decision as reflected by
the width of the histogram, respectively. The means for
each of our six subjects and their standard errors (SEMs)
are displayed in Fig. 1(c) for luminance-defined objects.
All individual misjudgments are rather small, and the
variation between subjects is small as well; there is no in-
dication of any systematic trend in the estimation errors.
The average of the direction estimation error for our six
subjects was 0.76 deg, and the average standard devia-
tion (reflecting the accuracy of the direction judgment)
was 10.72 deg. As another performance measure we cal-
culated the means of the unsigned estimation errors (so
that errors of opposite sign do not cancel each other),
leading to an average value of 8.19 deg for our six subjects
(6.87 deg standard deviation). These results suggest
that there was no strong systematic estimation error and
reasonable reliability for the luminance-defined stimuli.

The corresponding set of direction sensitivity data for
Fourier motion stimuli is shown in Fig. 2. The scatter
diagram [Fig. 2(a)] and the histogram of estimation er-
rors, that is, the differences between perceived and actual
motion direction [Fig. 2(b)], for the typical subject MBH
are very similar to those for luminance-defined objects.
This impression is confirmed by the means and SEMs of
the estimation errors for all six subjects shown in [Fig.
2(c)]. The average mean and standard deviation of the
estimation error for all six subjects were 20.01 deg and
9.94 deg, respectively. The average of the mean unsigned
estimation errors was 7.73 deg for our six subjects (7.67
deg standard deviation). Comparing Fig. 2(c) with Fig.
1(c) indicates that there is no consistent pattern of devia-
tions for either of the two stimulus classes, or between
them, but there seems to be a trend that the systematic
deviations from zero estimation error and the size of the
error bars are smaller than for luminance-defined motion.
However, this trend is not confirmed by statistical tests;
the differences between the average standard deviations
of the estimation errors (10.72 versus 9.94 deg) and be-
tween the average unsigned estimation errors (8.19 ver-
sus 7.73 deg) were not significant (we computed the test
statistic for comparing the variances of two related
samples suggested by Pitman31 and the usual paired
t-test for comparing means). These results suggest that
there was no systematic difference in estimation error for
Fourier motion direction as compared with luminance-
defined motion. Furthermore, accuracy is at least as
good as that for luminance-defined motion-direction esti-
mation. This outcome is not surprising when one takes
into consideration that the dots moving together with the
object provide a rich source of local motion signals, which
may be at least as efficient as the low-spatial-frequency
signals arising from the luminance-defined object. In the
present context, the crucial finding is that our Fourier
motion stimulus can be regarded as close to optimal (i.e.,
leading to a performance like that for the most salient
motion stimulus) and will thus be used as the reference
stimulus for this study.

When the RDK contains a flicker-defined object, as a
simple case of a second-order motion stimulus, the situa-
tion changes quantitatively. The set of direction-
sensitivity data for drift-balanced motion is shown in Fig.
3 in the same format as the corresponding data for first-
order stimuli. The scatter diagram [Fig. 3(a)] for the
typical subject MBH suggests larger deviations of the per-
ceived motion directions from the veridical ones than for
either luminance-defined or Fourier objects and gener-
ated a correspondingly broader histogram of estimation
errors [Fig. 3(b)]. The means and SEMs of the estima-
tion errors for all six subjects are plotted in Fig. 3(c) and
show that, as with the other two stimulus classes, there
was no consistent pattern of biased direction misjudg-
ments. The average mean and standard deviation of the
estimation error for all six subjects were 1.31 and 15.74
deg, respectively. The difference in the standard devia-
tions for drift-balanced and Fourier motion stimuli, 15.74
and 9.94, respectively, while not statistically significant at
the p 5 0.05 level, is clearly substantial (Fmax 5 2.51),
suggesting a difference between the distribution widths of
estimation errors and hence in the accuracy of the re-
sponses. This result is confirmed by the average of the
mean unsigned estimation errors which was 11.82 deg for
our six subjects (11.99 deg standard deviation); this is sig-
nificantly different from the value of 7.73 deg for Fourier
motion [t(5) 5 3.97, p , 0.01, paired t-test, two tailed].
These results confirm the initial impression, gained from
looking at the data for subject MBH, that accuracy is im-
paired when the texture on the object surface is not mov-
ing together with the object. This outcome is consistent
with the general view that the extraction of the second-
order object requires additional processing that would
therefore increase the internal level of uncertainty about
the current object location. It is also consistent with in-
dependent experimental data: Coherence thresholds for
direction discrimination tend to be higher for second-
order motion than for comparable first-order motion
stimuli.26,32
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Fig. 2. Experimental results for Fourier motion objects (sketched as inset). Other particulars are the same as for Fig. 1.

Fig. 3. Experimental results for drift-balanced objects (sketched as inset). Other particulars are the same as for Fig. 1.
In the case of theta motion we have to compare two sets
of data: For half of the trials the dots on the object sur-
face were moving diagonally leftward (145 deg) relative
to the direction of object motion, and for the other half
they were moving diagonally rightward (245 deg) relative
to the object trajectory. Accordingly, to present this set of
direction-sensitivity data, we changed the format of Fig. 4
from that of the previous figures. The scatter diagram
[Fig. 4(a)] for the typical subject MBH immediately dem-
onstrates that the responses fall into two populations, in-
dicated by two symbols. The perceived directions for the
145 deg stimuli scatter above the diagonal of veridical di-
rection estimates and those for the 245 deg stimuli scat-
ter below the diagonal. As a consequence, the two histo-
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grams of estimation errors for the same subject MBH
[Fig. 4(b)]; please note the change of abscissa scale com-
pared with previous figures) clearly separate into two dis-
tinct distributions. The 145 deg stimulus histogram
peaks in the 130 and 140 deg bins, and the 245 deg
stimulus histogram peaks in the 230 deg bin; and there is
little overlap of the distributions. Apart from these sys-
tematic deviations from zero of the estimation error, the
widths of the two histograms, as well as the spread of
data in the scatter diagram, suggest a further increase of
the uncertainty in this subject’s responses compared with
all previous stimulus classes. The means and SEMs of
the estimation errors for the two conditions for all six sub-
jects are plotted in Fig. 4(c). The figure shows a clear
and consistent pattern of deviations from zero in the di-
rection of motion of the object surface texture. The aver-
age mean and standard deviation of the estimation error
for all six subjects are 32.1 and 17.61 deg for the leftward
(145 deg) texture motion and 32.6 and 17.76 deg for the
rightward (245 deg) texture motion, respectively.
Whereas the average mean estimation errors and the av-
erage unsigned means (which are influenced by the sys-
tematic error and thus no longer can be used as measure
of accuracy) are significantly different from those of all
other stimulus conditions (p , 0.01 in all cases, paired
t-test, two tailed), differences in average standard devia-
tions were not significant for the comparison with drift-
balanced stimuli (145 deg theta: 17.61 versus 15.74,
Fmax 5 1.24; 245 deg theta: 17.76 versus 15.74, Fmax
5 1.27) or for the comparison with Fourier stimuli (145
deg theta: 17.61 versus 9.94, Fmax 5 3.14; 245 deg
theta: 17.76 versus 9.94, Fmax 5 3.19); for the latter
comparisons, however, the differences in standard devia-
tions are clearly substantial. This pattern of results con-
firms the initial impression from the typical subject that
observers generate substantial systematic estimation er-
rors but does not support the view that accuracy deterio-
rates further when the texture on the object surface is
moving in a direction independent from that of the object
itself.

The most interesting result of this experiment, how-
ever, is the systematic error produced by all our observ-
ers, who reported a direction of object motion that was in-
termediate between the veridical direction of the object
and the direction in which the dots within the object re-
gion moved. It is important to note that this is not a
problem with the instructions given to the participants,
because through the succession of motion stimuli tested
they were trained to focus on the direction of object mo-
tion. Furthermore, within the short inspection period
they did not even notice that for the last experimental
condition the surface texture was moving in a direction
different from that of the object. In this context it is also
noteworthy that the two authors, the only subjects who
knew about the stimulus design, could hardly describe
the surface texture motion in an individual trial and cer-
tainly did not produce the largest effects. Since naı̈ve ob-
servers, who did not even know about the dot motion,
were clearly most strongly affected by it, the systematic
deviation from veridical object direction cannot be attrib-
uted to expectation of such an effect. Consequently, it is
clear that the direction perceived as object motion is de-
termined by both the direction of the moving texture and
of the object itself. This means that there is a strong
Fig. 4. Experimental results for theta motion objects (sketched as inset). (a) Scatter diagram of perceived motion direction (ordinate)
for leftward (145 deg, diamonds) and rightward (245 deg, squares) relative texture motion, respectively, plotted as function of the actual
direction of object motion (abscissa); the diagonal line indicates the veridical direction. (b) Histograms of direction-estimation errors
(the difference between perceived and veridical motion direction) for the two conditions (indicated by different shading). (c) Means and
SEMs (n 5 80) of the estimation errors for each of six subjects for the two conditions (indicated by different shading).
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Table 1. Mean Estimation Errors for Fourier and Theta (145 and 245 deg Texture Motion) Object Motion
for Four Subjects for Three Stimulus Configurations

Subject

Standarda Fixationb Shortc

Theta Theta Theta

Fourier 145 deg 245 deg Fourier 145 deg 245 deg Fourier 145 deg 245 deg

MBH 0.64 33.24 230.16 2.78 39.15 237.34 1.35 44.87 242.30
JMZ 1.28 21.17 225.40 0.34 20.43 222.97 1.97 35.35 235.80
NB 1.62 18.90 219.96 2.63 27.30 222.45 2.17 44.27 241.13
CR 21.40 41.10 241.08 20.06 41.12 241.77 2.54 43.57 240.95

a No fixation target, 400-ms duration, data as in Figs. 2 and 4.
b Central fixation target, 400-ms duration.
c No fixation target, 200-ms duration.
misjudgment of object motion direction that suggests that
the two layers of motion processing interact in direction
estimation.

However, with a stimulus duration of 400 ms, and in
the absence of a fixation target (which we did not use in
our main experiments because it would have provided a
clear position reference), it must be realized that it is
rather difficult for the observers not to move their eyes.33

Therefore, because the possibility cannot be excluded that
our results could have been affected by involuntary eye
movements, we performed two control experiments with
four of our subjects: (1) We provided a fixation target (a
white spot with a diameter of 6 pixels) at the center of the
stimulus display, which should help the subjects to keep
their gaze stable at the center of the screen. Although
this fixation target provides an additional positional cue
in the stimulus, which might have been used to improve
the judgment of motion direction, there is no effect. As
can be seen from Table 1, perceived directions were virtu-
ally identical with and without the fixation target. This
clearly speaks against an explanation in terms of involun-
tary eye movements. (2) In an attempt to minimize the
possible elicitation of any eye movements without chang-
ing the spatial layout of our stimulus by introducing a
fixation target, we reduced stimulus duration to 200 ms,
which is too short a time to allow for any substantial eye
movements.34 As can be seen in Table 1, this also did not
reduce the misjudgment of object direction but seems to
increase even further the systematic deviations from ver-
idical object-motion direction. Again, one has to conclude
that estimation errors cannot be ascribed to eye move-
ments. This observation, however, points to the possibil-
ity of temporal changes in the interaction between the
first- and second-order motion information. It should be
noted that the dominance of first-order motion during the
initial phase of the stimulus (as demonstrated by our sec-
ond control experiment) is consistent both with reports
that second-order motion needs longer to be reliably de-
tected than does first-order motion and with the hierar-
chical processing models outlined in Section 1. In this
context, it is also of interest that longer trajectories can
lead to the perception of ambiguous, curved paths and
paradoxical separations of perceived motion direction and
object location. At present it is not known whether and
to what extent eye movements contribute to this effect,
and it is clear that this issue needs further investigation.
The phenomenon as such, however, only supports the no-
tion that there is a substantial misjudgment of object mo-
tion direction that makes the object appear in unexpected
locations.

4. CONCLUSIONS
Interactions between first- and second-order motion sig-
nals have been described for the control of eye
movements.35,36 In the present study we investigated di-
rectional sensitivity, the main finding being that when
subjects are asked to estimate object motion direction, the
motion signals on the surface of a moving object interact
with the motion signals from the object itself. Whereas
we found only a small improvement of direction sensitiv-
ity, if any, when the dots on the object surface moved co-
herently with the object, accuracy deteriorated when sur-
face dots did not move at all. Most important, we found
systematic misjudgments of object motion in the direction
of dot motion when objects and surface dots moved in dif-
ferent directions. This clearly indicates that the motion
signals within the object region do interact with the infor-
mation about object displacement (which is derived from
these signals), at least for our experimental conditions.
The lack of independence between these two signal
groups is also demonstrated by the phenomenal coher-
ence of a unitary (though strange) object moving during
the short stimulus speeds used here. Taking together di-
rection and speed misjudgments for motion-defined ob-
jects, it is apparent that the first- and second-order veloc-
ity vectors are somehow pooled together.

Position misjudgments have been observed for motion-
defined targets in a number of experimental
conditions.37–40 Such perceptual errors can be regarded
as a phenomenon related to the shifts in directional tun-
ing for motion-defined objects reported here, because they
indicate a rather similar interaction between the per-
ceived location of an object and the motion on its surface.
The misjudgment of object motion direction can be seen as
a logical extension of position misjudgment, with system-
atic errors in the internal representation of the instanta-
neous object location automatically leading to changes in
perceived direction. However, our results are not easily
explained just as a position effect, because we minimized
absolute position cues in our experimental design. More-
over, a simple comparison of object positions would be dif-



J. M. Zanker and N. R. Burns Vol. 18, No. 9 /September 2001 /J. Opt. Soc. Am. A 2329
ficult during the short stimulus period used here, because
these positions did not give the observer any clear and un-
ambiguous indication as to where the object was moving.
Therefore the most immediate way to discuss our obser-
vations is as an inability to separate first- and second-
order directional information in the context of the two-
layer model of motion processing. This model, it should
be noted, also accounts for the perception of motion-
defined motion as such. In doing this, we are not deny-
ing that there are alternative models that can deal ad-
equately with these stimuli, such as the third-order
system proposed by Lu and Sperling.7 The crucial point
here is that two pieces of information, namely, the motion
of the texture on the object surface and the motion of the
object itself, interact in judgments of motion direction.

The two-layer motion-detector model as originally
proposed12 is sketched in Fig. 5(a). The output of a fine-
grain array of elementary motion detectors (EMDs) is
spatially integrated and then used as input for a second,
coarse-grain array of EMDs that detects the movement of
motion-defined contours. It should be noted that the
models sketched in Fig. 5 are one-dimensional simplifica-
tions and that motion signals in a wide range of direc-
tions, not only along the same axis, can be used to detect
theta motion. Whereas the range of possible texture mo-
tion directions has been analyzed in detail for direction
discrimination,26 the experiments presented here indicate
the effects on direction sensitivity only for oblique motion
of the texture relative to the motion-defined object, and
the full input tuning curve requires further experimental
study. With the only difference being in spatial resolu-
tion, the same (correlation-type) mechanism is used for
the two processing stages in the two-layer model. This
suggestion is strongly supported by the specific tuning of
the human visual system to the temporal frequency of
motion-defined gratings.11 In order to account for the
major result of our present experiments, that the per-
ceived direction of a motion-defined object is determined
by an interaction of primary and secondary motion infor-

Fig. 5. Models for the detection of theta motion. (a) Two-layer
motion-detector model as originally proposed: The output of a
fine-grain array of EMDs is spatially integrated and then used as
input for a second, coarse-grain array of EMDs. (b) Recursive
implementation: The output of the motion-detector network is
fed back after appropriate spatial pooling into the same network.
(c) Network of collateral connections: The output of a primary,
fine-grain network of EMDs is processed after spatial integration
in a secondary, coarse-grain network of EMDs.
mation, one would need to assume that the output signals
from both layers are somehow pooled to estimate the two-
dimensional direction of object motion.

It has been mentioned in a previous publication11 that
a variant of the two-layer network could be implemented
in terms of a recursive architecture. In such a model, the
output of the motion-detector network, after appropriate
spatial pooling, is fed back into the same network [one-
dimensional sketch in Fig. 5(b)]. Such a system would
have some nontrivial properties as far as dynamics and
stability are concerned, and therefore it was not pursued
further. The fundamental ability to extract motion-
defined motion, however, would be conserved through the
recursive structure of this network, which allows differ-
ences in local motion signal strength (in various direc-
tions) to be used as the input signal for motion detectors.
An interesting property emerging from the recursive
implementation is that the two-dimensional direction of
motion for motion-defined objects would be intermediate
between the primary (texture motion) signal and the sec-
ondary signal (extracted from feedback), because both
types of information are represented by the same array of
EMDs. Although these theoretical considerations result
in a clear expectation of an intermediate direction esti-
mate, further experimental and computational analyses
are required to assess which factors determine the exact
balance between texture and object motion and to deter-
mine the stability of such a model variant.

The clear difference between the spatial resolution for
primary and secondary motion information11 hints at an-
other variation on the same theme of sequential process-
ing in motion-detector networks, but now with the use of
collateral connectivity in a massively parallel architec-
ture. The analysis of the visual input in parallel chan-
nels tuned to different spatial frequencies is a fundamen-
tal property of the human visual system that is also
realized in sets of motion detectors with different recep-
tive field dimensions.41,42 In Fig. 5(c), two sets of EMDs
with different receptive field sizes are sketched schemati-
cally to show how a set lateral connections between such
channels can generate all the features necessary to ac-
count for our experimental results. Through the network
of collateral connections, the output of a primary, fine-
grain network of EMDs is processed after spatial integra-
tion in a secondary, coarse-grain network of EMDs, which
is thus able to extract motion-defined motion. At the
same time, the pooling of motion information across the
set of spatial channels will immediately generate inter-
mediate two-dimensional motion directions, as reported
in our present study. It should be noted that this model
structure can in some sense be seen as related to a two-
stage model suggested for the perception of moving
plaids.20 This model also assumes the integration of two
channels tuned to motion at different spatial frequencies.
The differences between the two model structures are (a)
that our proposal does not include an input nonlinearity
in the coarse channel to detect contrast modulations
(which are not considered here) and (b) that we add a lat-
eral connection between the two channels. This lateral
connection (see also the model sketch in Ref. 11), which is
necessary for detecting motion-defined motion, is the cru-
cial addition that distinguishes our proposal from the
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model of Wilson et al.20 and generates the additional fea-
tures that explain the directional misjudgments reported
here.

In summary, in the present paper we demonstrate a
strong influence of surface-texture motion on the per-
ceived direction of motion-defined objects that produces
systematic and substantial misjudgments. Eventually,
these misjudgments can even lead to the effect that a
moving object may appear perceptually at an unexpected
location. Generating such illusions, this class of stimuli
and the experimental and computational analyses of di-
rectional sensitivity for motion-defined objects obviously
have great potential for the study of the motion-
processing architecture in the human visual system.
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