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ABSTRACT 

We present a series of experiments whose results show strong 
similarities between textural grouping and motion experiments. A 
family of stimuli consisting of elements of different colors, luminance- 
polarity, and orientation are used in experiments in both eliciting 
textural grouping and detection of apparent motion. Among the 
similarities are that the orientation attribute is a weaker attribute than 
either color or luminance polarity in eliciting both textural grouping 
and in detection of apparent motion. However, if the orientation 
elements are collinear they become salient and contribute toward 
grouping and apparent motion. The results also indicate that 
chromatic mechanisms play a significant role in both texture and 
motion perception. The similarity suggests that perceptual rules 
governing spatial grouping are analogous to those governing 
spatiotemporal grouping. The results of these experiments could be 
used in the areas of image segmentation, pattern recognition, and 
scientific visualization. 0 1996 John Wiley & Sons, Inc. 

1. INTRODUCTION 
Texture deals with a single two-dimensional (2-D) image, whereas 
movement requires at least two 2-D images. However, it is possible 
to compare texture and movement perception if we confine the 
latter to unidimensional (1-D) motion [9]. In this case we can 
obtain a 2-D representation of the motion stimuli if we map the 
temporal axis onto the spatial vertical for 1-D motion along the x 
dimension; this scheme was used, among others, by Adelson and 
Bergen [ l ]  who called the 2-D space that resulted from such a 
mapping the “x-t  space.” Images in the x-t space, although meant 
as a convenient vehicle to visualize I-D motion, can be viewed as 
textures. This similarity between the texture and motion stimuli 
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allows us to study how visual attributes such as luminance, color, 
and orientation interact in eliciting the percepts in imaging 
systems. Our approach makes it possible to quantify the relative 
strengths of the attributes, as a first step toward developing 
computational models which mimic the biologic mechanisms that 
mediate these percepts. 

With respect to texture, psychophysical experimenters common- 
ly use artificial texture-like stimuli, composed of discrete elements, 
commonly called textels. These are arranged in a 2-D pattern, 
usually at pseudo-random locations and orientations. Examples of 
textels are straight-line segments, arcs, geometric shapes, letters, 
etc. [3, 141. Most often, the background is displayed at a uniform 
luminance (black or white), whereas the textels’ luminance is fixed 
at a different level, resulting in bilevel images; gray-level images 
are less common, but are becoming the subject of recent studies 
[5]. A frequently used method for studying pattern segregation in 
images is to form a target texture patch using one type of element 
or textel (signal) and to imbed the patch in a surround texture 
(noise) formed by a textel of a different type. The performance of 
observers in discriminating the target is then used to study the role 
of the textel attributes in textural discrimination. 

Most of these methods concentrate on differences in the figural, 
or form, features between the surround and target textels, while all 
other attributes of the textels (luminance, color, stereo disparity, 
etc.) remain fixed. In this article we describe a set of stimuli that 
has been adapted from those of Werkhoven et al. [31] and Nishida 
and Takeuchi [21] to study the interaction of several attributes that 
vary simultaneously in the textural grouping process or in apparent 
motion. These stimuli are also composed of discrete textels, and 
therefore share the same disadvantage of other researchers’ stimuli 
(i.e., that they are an oversimplification in the attempt to study 
texture and motion perception mechanisms). They do, however, 
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extend the scope of earlier studies [8,9] by combining the 
interactions of color, luminance-polarity, and orientation. 

This article offers a systematic study on how the visual 
attributes interact in the texture formation and/or motion percep- 
tion. The unified class of stimuli of Section I1 has the following 
important properties: 1) It allows a methodical study on the 
interaction of attributes. 2) The relative strength of any two 
attributes can be compared directly when the two are arranged in a 
competitive manner. 3) Specific neural mechanisms, either well 
identified or hypothesized, can be selectively excited by judicious 
choices of the stimuli. The series of three experiments described in 
this study examined, in sequence, the following important pairs: 1) 
color and luminance, which enabled us to calibrate the relative 
strength of these attributes in forming texture patterns and apparent 
motion. This calibration was used in Experiments 2 and 3 below; 
2) color and orientation; and 3) luminance and orientation. The 
results are presented in Section 111 and the possible applications are 
discussed in Section IV. 

II. METHODS 
In this section a class of multiattribute stimuli [21,31] is presented 
which was used for textural grouping and motion experiments. The 
main advantage of this family of stimuli is that it makes it possible 
to arrange selected attributes arbitrarily to produce desired textural 
patterns or elicit motion in a particular direction (left or right). 

A. Multiattribute Stimuli. The family of stimuli for studying 
the similarities between textural grouping and motion perception is 
illustrated schematically in Figure 1. As can be seen, it consists of 
texture element (textel) triples ( A ,  B, X ) ,  which are arranged in x-y 
or x-t  space such that the textural grouping or resulting motion is 
either along the path A-X or B-X. Each element ( A ,  B, or X )  is 
defined by the conjunction of attributes (such as color, orientation, 
size, spatial frequency, etc.). The elements are arranged so that the 
percept is elicited by the various attributes independently of each 
other. The horizontal axis is the spatial variable x, discretized by 
the index j .  The vertical axis is either spatial variable y. discretized 
by the index i for textural grouping or time t ,  discretized by the 
index i (for motion studies). The vertical axis in Figure 1 when 

Figure 1. Schematic representation of the multiattribute stimuli that 
can be used either for textural grouping or motion studies. 

thought of as the spatial variable y ,  discretized by index i, 
transforms the stimulus at once to a 2-D pattern. Elements A and X 
can be matched by some attribute, say luminance, to produce 
diagonal stripes with negative slope (from the upper left toward the 
lower right); elements B and X can be matched by some different 
attribute, say color, to produce diagonal stripes with positive 
slopes. Also, each textel’s position was jittered around its nominal 
location, depending on the objectives of particular experiments, to 
produce quasi-periodic stochastic textural groupings. In addition to 
being useful for studying 2-D textural grouping, the data in Figure 
1 can also be employed to form motion stimuli, viewed one row at 
a time, in which the role of selected attributes can be studied 
systematically. Thus, the motion studies the zeroth row (i = 0) is 
shown at t = to and it is replaced in sequence at t = t,, + iAt by the 
ith row ( i  = 1 ,2 , .  . .). The elements occupy periodic positions in 
the spatiotemporal plane and can be of any arbitrary shape. If all 
the elements are identical ( A  = X = B )  the direction of the ensuing 
apparent motion (AM) will be ambiguous. If, however, elements A 
and X (or B and X )  are matched with respect to some attribute, say 
color, then the motion would be perceived as rightward (leftward). 
Finally if A and X are matched with respect to one attribute, say 
color, and B and X are matched with respect to a different attribute, 
say orientation, then there will be two competing paths for motion, 
and thus, such a stimulus would be ideally suited for comparing 
directly the relative strengths of two attributes in eliciting motion. 
An arbitrary number of attributes can be employed and each 
attribute can be distributed independently of the others. These 
factors allow flexibility in designing experiments with this set of 
stimuli. 

The textels of Figure 1 ,  shows schematically as squares, are 
merely used to denote the canonical position. The textels them- 
selves were formed by conjunctions of the visual attributes. In a 
simple case when we wish to examine the role of only two 
attributes, say luminance and color, the elements can be as simple 
as square patches of different luminances and colors. When more 
attributes are involved, say luminance, orientation, color, spatial 
frequency, size, and depth disparity, then Gabor patches [6] can be 
used to form conjunctions of all these features [22]. 

1. Stimuli-specijc. Variants of the basic stimuli illustrated by 
Figure 1 were used in several groups of experiments on texture and 
motion perception. The three attributes studied were color (C), 
luminance-polarity (P), and orientation (0). In all cases the 
background was yellow. The following three classes of stimuli 
were examined. 1) Color and orientation (C and 0) class: Elements 
here were red or green oriented bars (with a green or red surround 
circle, respectively) equiluminant to the background (Figure 2b). 2) 
Luminance-polarity and orientation (P and 0) class: Elements were 
oriented yellow bars above or below (10%) the background 
luminance (with flanks below or above the background respective- 
ly) (Figure 2a). 3) Color and luminance-polarity (C and P) class: 
Elements were dark or bright chromatic (red or green; 10% above 
or below the equiluminant values found in Section IIB) bars of the 
same orientation (Figure 2c). 

All the images in our experiments were composed of two parts, 
the upper half and the lower half. For the texture stimuli, within 
each half, the global diagonal stripes formed on the x-y plane were 
of either positive or negative slopes. The patterns of the upper and 
lower half were combined with diagonal stripes of opposite slopes, 
resulting in leftward or rightward pointing “arrow-tail” or “chev- 
ron” patterns (Figure 3 ) .  The motion stimuli were shown simul- 
taneously in the top and bottom halves of the image. Four frames 
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Figure 2. Members of the three classes of stimuli used in textural 
grouping or motion perception studies: (a) polarity and orientation (P 
& 0) stimulus; ( b )  color and orientation (C & 0) stimulus; and (c) 
color and polarity (C & P) stimulus. 

were shown sequentially at the position of row 0 in Figure 1, as 
well as at a location in the bottom half of the image, symmetrically 
located at the top with respect to the fixation point. Thus each 
frame was displayed on the top-most and bottom-most rows of 
Figure 2. The percept was that elements within these two rows, one 
above and the other below the fixation point, were moving either to 
the right or to the left. Notice that the stimulus of Figure 1 has a 
period of four along the vertical axis. This made it easy to generate 
motion sequences by using modulo-4 arithmetic in selecting the 
next frame in a sequence. 

For each of these three classes, six subsclasses of stimuli were 
experimented with (Figure 3). 2-D arrangements of attributes were 
always chosen to favor grouping along the AX or BX path. These 
arrangements are labeled with a three-symbol code. The first 
symbol denotes one attribute that is responsible for the grouping. 
The second symbol signifies how the second attribute interacts with 
the first one, and the third symbol stands for the second attribute. 

Figure 3. Six arrangements or subclasses of polarity and orienta- 
tion to illustrate the general class of stimuli. The central dot repre- 
sents the fixation point. 

Consider as an example the luminance-polarity and orientation 
class. The six combinations were: 1) P within 0 (PwO): Here the P 
attribute is responsible for the percept, while the 0 attribute is fixed 
throughout the 2-D domain. An example is shown in the upper-left 
panel of Figure 3. The luminance-polarity attribute of elements B 
and X was matched (center-bright elements) and A was a center- 
dark element. The orientation attribute of all elements A, B, and X 
was identical. 2 )  P across 0 (PxO): The percept is carried by P, as 
in ( l ) ,  except that the orientation attribute is not matched along 
either path, AX or BX (see upper-right panel in Figure 3). 3) 0 
within P (OwP, left-middle panel in Figure 3): The orientation 
attribute of A and X was matched (vertical) and that of B was 
horizontal, thus making path AX stronger than BX. The luminance- 
polarity attribute of all elements was identical. 4) 0 across P (OxP, 
right-middle panel in Figure 3): Same as in (3) except the polarity 
attribute of X (bright) was different from both A and B (dark). 5) 0 
plus P (0 + P): Here the orientation and color attributes of A and X 
are matched and neither of them are matched in the B-X path as 
shown in the bottom-left panel of Figure 3. 6) 0 against P (0-P): 
Here the orientation attribute of elements A and X are matched and 
the polarity attribute of B and X is matched (bottom-right panel in 
Figure 3). Similar x-y and x-t arrangements were used in the other 
two classes (color and orientation and color and luminance-polari- 
ty), with the corresponding pairs of attributes. 

In summary, in cases (1-4) above, the second attribute in the 
three-letter code is arranged either uniformly throughout the 2-D 
domain (within condition) or alternating between two values along 
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both the AX and the BX paths (across condition). In both 
conditions, the second attribute does not favor either of the two 
paths. In case ( 5 )  the two attributes are arranged synergistically, so 
that both favor the same path. Finally, in case (6) we have an 
antagonistic arrangement, with one attribute favoring the AX path 
and the other favoring the BX path. 

When these stimuli were arranged in the x-t space, the motion 
direction was either to the left or right. Werkhoven et al. [30] 
reported a strong collinearity effect in motion: When the orienta- 
tion of the element targets matched the direction of motion 
(horizontal in our stimuli), the perceived motion is much stronger 
than when the targets' orientation is transverse to the motion path. 
To avoid such collinearity effects we chose elements with diagonal 
orientations of ?45" (see top panel in Figure 4). We observed a 
similarly strong collinearity effect in textural grouping. Since the 
global grouping in our stimuli was along 545" diagonals, we 
selected the orientation of the elements to be horizontal and 
vertical. The global percept was of an arrowhead pointing to the 
left or right (bottom panel of Figure 4). 

2. Stimulus Characteristics. The stimuli were generated on a 
Silicon Graphics IRIS workstation and displayed on a Mitsubishi 
HL69155ATK monitor screen. The CIE x and y coordinates of the 
monitor (as measured with a Minolta Chroma meter CSlOO) were 

Texture Stimuli 

(0.62, 0.35) for red, and (0.28, 0.58) for green. The elements in the 
texture experiments were circular elements with an oriented center 
bar. The viewing distance was 91 cm. At that distance the center 
bar measured 8.5 arcmin long and 1.2 arcmin wide, and the circular 
element had a diameter of 9 arcmin. There were eight rows of such 
elements above and eight rows below the fixation point. The 
distance between successive rows was 9 arcmin. The entire image 
subtended 5" of visual angle horizontally and 4.5" vertically. For 
motion experiments the stimuli consisted of bars measuring 
8.5 arcmin long and 1.2 arcmin wide. 

3. Experimental Setup. The temporal sequence for the textural 
grouping experiments is illustrated in Figure 5 with an example in 
which the attributes are polarity and orientation (P + 0 case). A 
2AFC (two-alternative forced-choice) procedure was used. The 
observer was asked to report the global direction of the chevron 
pattern or direction of motion. The direction of grouping or motion 
was randomized across trials. Tachistoscopic displays were used 
with the stimulus duration ranging from 16.7 to 183 ms; these short 
intervals did not allow the initiation of eye movements. This, in 
turn, made it difficult to attend to any particular attribute, since 
observers were not able to scrutinize the stimuli (the masks that 
followed the test frames in the case of textural grouping limited 
scrutiny). Our goal was to study low-level perceptual mechanisms 
and to avoid higher-order cognitive processes as much as possible. 
For motion, a sequence of frames (each frame's duration was 
33.3 ms) was displayed in each trial and the observer was asked to 
report the direction of motion (left- or rightward) in a 2AFC 
paradigm. The duration of the entire sequence was <183 ms for the 
reason mentioned above. 

We tried to use identical parameters and conditions in both the 
texture and motion experiments whenever feasible, so as the make 

Motion Stimuli 

(bf 

Figure 4. Texture and motion stimuli. Condition OxP is shown in 
both panels. (a) To avoid collinearity for texture, the elements are 
oriented vertically or horizontally, since the global grouping is along 
the diagonals. (b) The elements have diagonal orientation to avoid 
collinearity of the targets orientation with the horizontal motion Figure 5. Timing diagram (above) and stimuli (below) for textural 
direction. grouping experiments. 
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the comparison between texture and motion mechanisms as equit- 
able as possible. A total of 36 conditions were tried, 18 of which 
were in the texture domain and the other 18 in the motion domain 
[2(texture,motion) * 6(conditions: within (w) ,  across (n), plus (+), 
etc.) * 3(color and orientation, luminance-polarity and orientation, 
color and luminance-polarity)]. Percent correct performance was 
measured as a function of the stimulus duration (SD) for texture 
grouping and interframe displacement (IFD) for motion. For each 
of the 36 conditions, percent correct performance was measured at 
four values of SD/IFD (texture or motion). At each of the four 
values a minimum of 100 trials were conduced with each of two 
observers. Observers had normal or corrected to normal vision. The 
first was one of the authors, and the second was naive as to the 
purposes of the experiment. 

B. Equating Luminance and Chromatic Contrasts. The 
same stimuli that were used in the experiments (schematized in 
Figure 1 ) were used to find equiluminant red, green, and yellow 
points. Equiluminant settings were obtained by the reverse-phi 
technique of Gorea et al. [ I  11. In this technique the element B is 
made invisible (blended with the background), the luminance of X 
is made slightly higher ( + 5 % )  than that of the background, and the 
luminance of A is varied to obtain a value of LA1 that resulted in 
ambiguous motion direction. The procedure is repeated with the 
luminance of 5% below that of the background to obtain LA2, the 
value of A’s luminance that results in ambiguous motion. The 
average of LA1 and LA2 was used as the luminance value that is 
equiluminant to that of the background. The CIE coordinates for 
the equiluminant yellow were (0.46, 0.45). The red, yellow, and 
green were adjusted for equiluminance near a mean of - lOcd/mz.  

Ill. RESULTS 
In all the texture experiments the stimulus duration was chosen to 
be the independent variable. A psychometric curve was obtained by 
plotting the performance (percentage of responses reporting group- 
ing along the favored direction) versus stimulus duration. From the 
curve, the stimulus duration that was required for 80% performance 
was found by fitting a Weibull function to the experimental data 
[ I Y ] .  The reciprocal of the stimulus duration for 80% performance 
was used as a sensitivity measure. In the motion experiment the 
independent variable was the IFD. This was the distance between 
corresponding elements in subsequent frames. The sensitivity 
measure in the motion case was the IFD for 80% performance. The 
sensitivities are proportional to the ease of detecting global 
grouping in case of texture, and detecting global direction of 
motion. The results of the entire set of experiments are shown in 
Figure 6 for the two observers (K.S.R. and E.C.). Along the 
horizontal axis the six conditions are shown and along the vertical 
axis are the observed sensitivities. 

From Figure 6, it can be seen that the trends in sensitivities 
obtained for motion are very similar to those obtained for the 
texture experiments in all three classes of stimuli (i.e., color and 
orientation, luminance-polarity and orientation, and color and 
luminance-polarity). In both motion and texture experiments the “+” conditions are the easiest to detect. Also, the following 
general trends in motion and textural grouping were observed: 1) 
Performance generally improved with stimulus duration, as ex- 
pected, as a result of temporal integration. 2) Stimulus-type related 
performances deteriorate in the following order: Color plus orienta- 
tion, C + 0 (also P + 0); color within and color across orientation, 

C & 0 : Textore ”r C & 0 : Motion 
n 

cwo QO 01c mc C+O CQ 

P & 0 : Texture t 7 - a e p 10 
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03 
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0 EC 
Figure 6. Results of 36 conditions for two observers. In the left half 
are results for the texture experiments and in the right half are results 
for the motion experiments. Results for observers K.S.R. and E.C. 
are shown by solid and open bars, respectively. Note that the trend 
for the texture experiments is very similar to that of the motion 
experiments. 

CwO and CxO (also PwO and PxO) with almost the same level of 
performance; and orientation within color OwC, orientation across 
color OxC (also with OxP). This rank order indicates that color or 
luminance-polarity plays a bigger role in textural grouping than 
orientation, under the described experimental conditions. 3) When 
C and P paths opposed each other, P or C dominated depending on 
whether the P-contrast was higher or lower, respectively, than a 
threshold. 4) For both motion and texture performances, the OxC 
and the OxP stimulus type were at or near chance level, even for 
very long stimulus durations. This extends earlier reports by Gorea 
and Papathomas [Y], in the x-y and particularly in the x-t domain, 
that color (C) and luminance-polarity (P) act as a “veto” attribute: 
If C or P is not matched, it does not allow orientation matching to 
elicit motion or to form texture patterns. 

IV. DISCUSSION 
The subdivision into six stimuli was meant to activate specific 
classes of processing mechanisms responsible for textural grouping 
or detection of motion direction. Spatial or spatiotemporal group- 
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ing performances with a specific type of the above stimuli (say, 
PxO) is based on the capacity of processing responsible for 2-D 
spatial or spatiotemporal matching (in the case of PxO grouping 
we can think of spatial channels, that “group” together neigh- 
boring textels of the same luminance-polarity, irrespective of their 
orientation). The specific attributes used, C, P, and 0, can be 
mapped onto a 2-D sensory space, since they represent chromatic/ 
achromatic and orientational sensitivity. The chromaticlachromatic 
axis has as its end points mechanisms responsible to color (C) and 
luminance (L). The luminance-polarity (P) attribute represents a 
modulation term. The orientation axis includes orientation-tuned 
(0) versus orientation-nonspecific ( n o )  mechanisms. This gives 
rise to four types of mechanisms: 1 )  luminance-oriented (L-0); 2) 
luminance-nonoriented (L-no); 3) chromatic-oriented (C-0); and 
4) chromatic-nonoriented (C-no). The achromatic oriented (L-0), 
achromatic-nonoriented (L-no), and chromatic-nonoriented (C-no) 
units are largely represented at different stages of the visual 
pathways [12,32,33], whereas there is evidence for the existence 
of C-0  units, although the latter is still under debate 
113, 17,27,32]. 

Since the stimulus (Figure 1)  allows for the direct comparison 
of the strength of two attributes in forming textures, this study can 
point the way for assessing the relative importance of attributes in 
imaging systems. Such a “rank ordering” can be useful to people 
in data display, imaging, and computer graphics. So far, we have 
determined that the “precortical” attributes (color and luminance- 
polarity) are stronger than the “cortical” attribute orientation in 
both texture grouping and motion perception. 

Orientation, although being a weaker attribute than color or 
luminance-polarity, can become dominant when the neighboring 
elements are arranged in a collinear fashion. We tested this 
hypothesis by using diagonally oriented bars in the texture stimulus 
(collinear with the global chevron pattern). The sensitivities for the 
OwC (OwP) and the OxC (OxP) conditions were increased 
significantly. The strength of collinearity has also been reported in 
other psychophysical experiments [ 15,29,30]. 

Reverse-phi motion [2] has been known for sometime. In this 
phenomenon, an element whose luminance-polarity is alternated 
(bright and dark on a medium background) while physically 
moving to the right is perceived as moving to the left. We observed 
an analogous effect in textural grouping, wherein reverse-contrast 
elements gave a percept of reverse grouping [25]. Thus, opposite 
polarity elements physically grouped at a +45% orientation were 
perceived as groupings of -45% orientation. Such reverse group- 
ing (also true in motion) was enhanced at peripheral viewing 
distances, small sizes of elements, and low contrasts [28]. 

Finally, we note that the present experiments can be used in the 
area of image processing for the purposes of image segmentation 
and coding, taking full advantage of the characteristics of the 
human visual system which, after all, is the final judge of image 
quality and fidelity. For the purpose of image segmentation, one 
needs to perform the task of textural grouping. This involves the 
spatial gluing of attributes by corresponding mechanisms. The 
outputs of the various mechanisms are then combined with 
appropriate weights to help generate a segmented image. The 
choice of these weights are guided by the experiments described in 
Section 11. We successfully used the results of these experiments in 
building a texture segregation model for color images [26]. Other 
areas of application are in pattern recognition and machine vision 
for improving shape-from-texture algorithms which so far have 
been largely applied to gray-level images, and scientific visualiza- 

tion for effectively employing visual attributes to portray large data 
sets by coupling them effectively to the human visual system 
[16,20]. 
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