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Perception depends on reference frames. For example,
the ‘‘true’’ cycloidal motion trajectory of a reflector on a
bike’s wheel is invisible because we perceive the
reflector motion relative to the bike’s motion trajectory,
which serves as a reference frame. To understand such
an object-based motion perception, we suggested a
‘‘two-stage’’ model in which first reference frames are
computed based on perceptual grouping (bike) and then
features are attributed (reflector motion) based on
group membership. The overarching goal of this study
was to investigate how multiple features (i.e., motion,
shape, and color) interact with attention to determine
retinotopic or nonretinotopic reference frames. We
found that, whereas tracking by focal attention can
generate nonretinotopic reference-frames, the effect is
rather small compared with motion-based grouping.
Combined, our results support the two-stage model and
clarify how various features and cues can work in
conjunction or in competition to determine prevailing
groups. These groups in turn establish reference frames
according to which features are processed and bound
together.

Introduction
According to behavioristic theories, stimuli generate
sensations, which are stored in memory. Correlations
between stimuli (classical conditioning) or stimuli and
behavioral responses (operant conditioning) cause
these sensations to be associated with each other to
generate complex representations. However, many
predictions of this approach failed when subjects
responded in disagreement with the ‘‘association
strengths’’ of stimuli. Several theoreticians then resorted to the concept of attention as pointed out by
Koffka (1922, p. 535): ‘‘wherever there is an effect that
cannot be explained by sensation or association, there
attention appears upon the stage.’’ A key shortcoming of
behavioristic theories is their inability to deﬁne the
stimulus independent of the observer, a problem known
as the ‘‘stimulus deﬁnition’’ problem. To deal with this
problem, Tolman introduced ‘‘intervening variables’’ to
account for how internal states of the observer can
modify the stimulus (Tolman, 1938). In contrast to
behaviorists, Gestalt psychologists proposed that organized structures, i.e., Gestalts, form the fundamental
units of visual processing (Wagemans, 2015). Hence, to
deﬁne a stimulus, one needs to refer to the internal
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Figure 1. Examples of different grouping organizations.
Reprinted with permission from Aydın, Herzog, & Öğmen
(2011). Copyright 2011, Elsevier.

cognitive structures of the subject. Gestaltists proposed
that grouping operations can generate a variety of
possible groups, starting from simple ones and proceeding toward more complex ones, until the structure
meets the goals of the observer. They introduced the
concept of attitude to express this active role of internal
structures in giving a directness to perception, such as
the expectation of a particular organization or outcome. Attention, in turn, was deﬁned as a special case
of attitude, which is unspeciﬁc toward a particular
organization or outcome. These ideas found support in
experiments that employed decoy tasks to minimize the
involvement of attention (Krechevsky, 1938; Köhler &
Adams, 1958).
The relationship between perceptual grouping and
attention was investigated by Beck (1966a, 1966b;
1967) who proposed that grouping occurs before the
deployment of attention, a view supported by others
(Caelli & Julesz, 1979; Julesz, 1991). On the other hand,
Treisman and colleagues suggested that grouping and
binding of stimuli occur pre-attentively within feature
dimensions, but they require attention to occur across
feature dimensions (Treisman, 1982; Treisman &
Gelade, 1980). One pitfall of controlling attention by
decoy/cover tasks is that it relies on memory for report.
Hence, these studies may conﬂate the role of attention
in memory with its role in perceptual grouping. Moore
and Egeth (1997) used an implicit-measure approach to
circumvent this problem and provided evidence that
grouping occurs pre-attentively.
Although these results may appear contradictory,
the view proposed by Gestalt psychologists, that
attention and grouping are different but interacting
processes, are consistent with these ﬁndings. Figure 1
shows some simple examples to illustrate this concept.
In Figure 1a, the ﬁgure-ground organization is bistable
in that both organizations (faces and vase) are of
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similar strength. Focusing attention can alter our
percept. The hexagon in Figure 1b is contained in
Figure 1c; however, no matter how much attention is
directed into elements in Figure 1c that make up the
hexagon, one cannot perceive the hexagon as a ﬁgure in
itself in Figure 1c.
If attention and grouping are different but interacting processes, it remains to determine how they
interact. According to Gestalt psychology, elements are
grouped into wholes by a variety of laws such as
common fate, similarity, proximity, good continuation,
etc. But what holds elements of a group together? We
suggest that each group possesses a reference frame
according to which elements are synthesized into
groups. A simple example of this is the motion of a
reﬂector on a bicycle wheel. In isolation, it is perceived
to move on a cycloidal trajectory, which corresponds to
its retinotopic motion when the eyes do not follow the
reﬂector, but are directed at a stationary ﬁxation mark.
However, when a second reﬂector is added at the center
of the wheel, the two reﬂectors become part of the same
group and the trajectory of the reﬂector appears
circular (e.g., Profﬁtt & Cutting, 1980; Profﬁtt, Cutting,
& Stier, 1979). We perceive circular motion because the
two reﬂectors on the wheel are grouped into the same
Gestalt and the motion of the reﬂector at the center of
the wheel serves as a reference frame for the group. At
the same time, it is impossible to perceive the cycloidal
motion because this ‘‘non-retinotopic’’ reference frame
dominates (Boi, Öğmen, Krummenacher, Otto, &
Herzog, 2009; Lauffs, Choung, Öğmen, & Herzog,
2018; Lauffs, Öğmen, & Herzog, 2017). Hence,
reference frames determine how stimuli are grouped
and what we perceive consciously.
To capture these ideas in a simple model, we
proposed a ‘‘two-stage’’ spatiotemporal processing
architecture (Figure 2), in which the ﬁrst stage consists
of grouping stimuli by Gestalt principles with modulation from attentional processes to establish reference
frames for each group (Öğmen & Herzog, 2010, see
Figure 18). These reference frames are then used to
attribute features according to group membership and
synthesize ‘‘objects’’ or ‘‘Gestalts’’ of perception.
The importance of grouping is evident when
considering that vision is retinotopic in the ﬁrst stages
of vision. For example, neighboring elements in the
visual ﬁeld activate neighboring photoreceptors in the
retina. This retinotopic encoding principle is preserved
in the LGN and early visual areas. However, as shown
by the bicycle example previously mentioned, perception is usually nonretinotopic. Hence, the grouping
operations at the ﬁrst stage establish not only
retinotopic reference frames, but also nonretinotopic
reference frames.
The Ternus-Pikler display is a suitable way to
investigate the transition from retinotopic to non-
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Figure 2. The two stage model: Features such as shape, motion, and color are used along with Gestalt principles of grouping, such as
similarity, common fate, and proximity, to form perceptual groups. A reference frame is determined for each group and stimulus
features are attributed to each group according to these reference frames. The retinotopic or the nonretinotopic percept results from
differences in the attribution of features. Attention can play a role in this process for example by modulating the perceptual groups, in
particular when they are ambiguous, or by directly establishing a reference frame that follows the spatiotemporal trajectory of focal
attention.

retinotopic motion perception. When two disks are
brieﬂy presented on a computer screen and reappear at
the same position after an interstimulus interval (ISI),
observers perceive two ﬂickering disks. In the TernusPikler display, a third disk is added alternately to the
left or right to induce apparent motion. When the ISI is
very brief (e.g., 0 ms) the third disk appears to jump
from the left to right of the two stationary disks, which
is referred to as element motion. When the ISI is long
(e.g., 200 ms), the three disks form a perceptual group
and all three disks appear to shift left and right in
concert, which is referred to as group motion. In past
experiments (e.g., Boi et al., 2009), we used this effect to
study nonretinotopic motion perception. We added a
white dot to each disk, which we repositioned from
frame to frame (Figure 3). The observer’s gaze was
focused on a central ﬁxation point and eye ﬁxation was
monitored by an eye tracker. Hence, the stimulus
positions were the same in screen-based and retinotopic
coordinates. We chose the dot positions so that the dots
in the two stationary disks appeared to move up-down
or left-right when no group or element motion was
perceived. In the following, this linear dot motion is
referred to as the retinotopic dot motion because it
describes the dot’s motion in retinotopic coordinates
(Figure 3a, b). When the ISI was long enough for group
motion, the dot in the middle disk was perceived to
rotate. Because the dot did not rotate in retinotopic
coordinates, dot rotation had to be computed nonretinotopically after group motion was established. The
perceived dot rotation is therefore referred to as
nonretinotopic dot motion (Figure 3c). In other words,
the grouping of elements across the two frames of the
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Ternus-Pikler display determines element correspondence across the two frames (see the arrows in Figure
3), which in turn serves as reference frames according
to which the dot rotation is perceived. In retinotopic
coordinates, the dots still move linearly up-down and
left-right. Here, we used a modiﬁed version of the
Ternus-Pikler display (Lauffs et al., 2018) where the
dots rotated in retinotopic coordinates (Figure 3d),
instead of linear movement. Therefore, both retinotopic and nonretinotopic dot motion included either
clockwise or counterclockwise rotation.
In previous studies (Boi et al., 2009; Lauffs et al.,
2017; Lauffs et al., 2018), it was hypothesized that the
grouping of disks across the two frames determines the
reference frame for evaluating the motion of the dots. It
was also shown that attention can modulate spatiotemporal grouping in Ternus-Pikler displays, with
group motion requiring more attentional resources to
prevail against element motion (Aydin, Herzog, &
Öğmen, 2011). Hence, an alternative account is
possible. As shown in Figure 2, attention can play a
role in determining the reference frame either indirectly
by modulating spatiotemporal groupings, especially
when they are ambiguous, or directly by setting a
reference frame that follows its tracking trajectory. The
latter idea is supported by studies showing a strong link
between attentional tracking and the perception of
apparent motion.
Two seminal studies showed that attentional tracking of salient texture elements (Lu & Sperling, 1995) or
isoluminant color (Cavanagh, 1992) results in perceived
motion of the tracked feature. Verstraten, Cavanagh,
and Labianca (2000) measured the maximal speed of
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Figure 3. Ternus-Pikler display with linear retinotopic and circular non-retinotopic motion (Boi et al., 2009). (a) No motion
condition. When two disks are presented on the screen, the dot in one disk is perceived to move up-and-down in one and left-andright in the other disk. (b) When a third disk is added alternately to the left and right with a short ISI (e.g., 0 ms), the disks are
perceived as two flanking disks in the middle and one disk jumping left-and-right (element motion). Dots in two middle disks are
perceived to move as in the two disks condition, while the dot in the third disk stays in the center (retinotopic percept). (c) When
the ISI is prolonged (e.g., 200 ms), the three disks are perceived to move left-and-right in concert (group motion), and the dot
motion percept changes: The dot in the middle disk is perceived to rotate (nonretinotopic percept), and the dots in the left and
right disks are perceived to stay in the center. (d) In the current experiment, circular retinotopic motion, instead of linear
retinotopic motion, is used as in Lauffs et al. (2018). Therefore, both the retinotopic and nonretinotopic interpretation included
either clockwise or counterclockwise rotation.
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attentional tracking using bistable apparent motion
stimuli. When confronted with bistable apparent
motion, observers may decide to track a designated
part of the stimulus, which disambiguates the apparent
motion and results in a ﬁxed perceived direction of
motion. For instance, when a cross (3) and a plus sign
(þ) are presented in rapid alternation, observers
perceive randomly reversing clockwise or counterclockwise rotation. However, when they track a spoke
of the cross, a consistent direction of motion is
perceived. In this case, the experimenter may evaluate
the precision of the attentional tracking by asking the
observer to compare the position of a probe to the
position of the tracked stimulus after various intervals.
It was observed that the maximal rate at which
observers could track a rotating stimulus with an
accuracy of 75% correct was 4–8 Hz. That is, tracking
was not so much limited by the angular velocity of the
spoke, but rather by the ﬂicker rate of the apparent
motion stimulus.
The ﬂicker rate in studies on nonretinotopic motion
perception in the Ternus-Pikler display is well within
the limits of attentional tracking. For instance, group
motion occurs in the Ternus-Pikler display with a
stimulus-onset-asynchrony (SOA) of 333 ms, which
corresponds to a ﬂicker rate of 3 Hz (Lauffs et al.,
2018). Thus, the rate of apparent motion is slow
enough to allow for attentional tracking. It is therefore
possible that attentional tracking of the central position
in the Ternus-Pikler display during group motion
contributed to the perception of nonretinotopic dot
motion. The overarching goal of the present study was
to investigate how multiple features, such as motion,
shape, and color, interact with attention to determine
retinotopic or nonretinotopic reference frames. To
evaluate the role of attentional tracking, we compared
the perception of rotational dot motion in conditions
where the relevant dot was highlighted by relative
position (group motion), absolute position, color, or
shape. All cues are expected to facilitate the tracking of
the relevant motion stimulus, allowing us to evaluate
the contribution of attentional tracking to the motion
percept.

Experiment 1
In Experiment 1, we asked whether the perception of
the retinotopic and nonretinotopic dot motion could be
enhanced by showing the relevant disk in a distinct
color. Through its salience, color may attract and direct
attention whose spatiotemporal trajectory provides a
reference frame for motion perception (see left side of
model in Figure 2). On the other hand, Hein and
Moore (2012) demonstrated that color may also affect
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grouping by establishing spatiotemporal correspondence across stimulus frames (see right side of model in
Figure 2). Thus, effects of color could result from
attentional tracking or spatiotemporal correspondence.
Experiment 1 deliberately accepts the ambiguity to
establish effects of color, whereas Experiment 3
investigates conditions where the disks in the critical
conditions were equally salient so that effects of
attentional tracking could be isolated.
We expected beneﬁcial effects of the color cue in
conditions where performance was poor (see conditions
C4 and C6 in Figure 4). Perception of retinotopic
motion was poor when group motion prevailed with
three disks, but excellent when only two stationary
disks were shown (see conditions C4 and C2 in Figure
4). Possibly, group motion replaced the retinotopic
reference frame by a nonretinotopic one thereby
making retinotopic motion invisible (Lauffs et al.,
2018). For the perception of nonretinotopic motion, the
situation was opposite: Performance was poor when the
two disks were stationary and excellent when a third
disk was added and group motion was perceived (see
conditions C6 and C8 in Figure 4).
With group motion, a colored disk at a ﬁxed retinal
position (condition C3 vs. C4) may improve perception
of retinotopic dot motion either because perceived
group motion is reduced (Hein & Moore, 2012) or
because attentional tracking of the relevant disk is
facilitated. Conversely, a colored disk at the center
position in the group (condition C7 vs. C8) may
improve perception of nonretinotopic dot motion
either because perceived group motion is increased
(Hein & Moore, 2012; Profﬁtt & Cutting, 1980) or
because attentional tracking of the central disk is
facilitated. With two stationary disks, perception of
nonretinotopic motion may improve because color
establishes spatiotemporal correspondence of the relevant disk or because the attentional cue facilitates
attentional tracking (condition C5 vs. C6). Importantly, color allows establishing spatiotemporal correspondence of the response-relevant disk by linking the
most salient stimulus across frames. This process
requires very little attention, but may be accomplished
in a bottom-up manner (Itti & Koch, 2001).

Methods
Participants
Twelve participants took part in the experiment after
giving written informed consent. Two participants were
excluded from analysis, because their performance was
lower than 60% correct in the retinotopic condition
with two disks or the nonretinotopic condition with
three disks (where excellent performance is expected
based on previous experiments; Lauffs et al., 2018). We
retained the data of 10 participants (mean age: 22.6 6
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Figure 4. Dot rotation direction discrimination in Experiment 1. (C1, C2) Retinotopic tracking with 2 disks: Two disks are presented and
participants were asked to track the retinotopic rotation. (C3, C4) Retinotopic tracking with three disks: Three disks are presented and
participants were asked to track the retinotopic rotation. (C5, C6) Nonretinotopic tracking with two disks: Two disks were presented
and participants were asked to track the nonretinotopic rotation. (C6, C8) Nonretinotopic tracking with three disks: Three disks were
presented and participants were asked to track the nonretinotopic rotation. Error bars are 6 1 SEM. Colored data points show the
mean performance of the individual observers.

2.7 years; half were female, all were right-handed, and
eight had right eye dominance). Seven participants had
taken part in experiments with the Ternus-Pikler
display in the past, but all were naı̈ve to the purpose of
the current experiment. All participants had normal or
corrected-to-normal visual acuity, as indicated by a
binocular score greater 1.0 in the Freiburg Visual
Acuity Test (Bach, 1996). All experiments were
conducted in accordance with the Declaration of
Helsinki (World Medical Association, 2013) and were
approved by the local ethics committee.
Apparatus
Stimuli were displayed on a gamma-calibrated 24.5in. BenQ XL 2540B LCD monitor (1,920 3 1,080
pixels, 60 Hz; http://display-corner.epﬂ.ch; BenQ Corporation, Taipei, Taiwan). Viewing distance was 66 cm.
The participants’ chin and forehead were positioned in
a SMI iViewX Hi-Speed 1250 eye tracker (SensoMotoric Instruments, Teltow, Germany), which was used
to monitor eye ﬁxation. Sample rate was 500 Hz and
binocular samples were averaged to reduce noise. Trials
containing eye movements larger than 1.58 (degrees of
visual angle) or periods of data loss longer than 250 ms
were discarded and repeated at a randomly chosen
moment in the same block. Responses were collected
using hand-held push buttons. When no response was
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registered within 3 s or an eye movement was detected,
the trial was repeated at a randomly chosen moment in
the same block. A feedback tone sounded when no
response was registered. In the case of eye movements,
a feedback tone was played and a text message was
displayed, reminding the participant to keep their gaze
on the ﬁxation point. No error feedback was provided.
Task, procedure, and design
The eight experimental conditions (C1–C8) are
illustrated in Figure 4. We presented one block of 32
trials for each of the eight conditions. The order of
blocks with color cue was random, but blocks with a
colored disk were always followed by a block of the
corresponding condition without color cue (i.e., C1 was
followed by C2). Observers were instructed before each
block of trials, using a video animation of the
upcoming stimulus (provided in the supplementary
materials, Supplementary Movies S1–S45). In a block
with a color cue, participants were instructed to report
the rotation of the dot (clockwise vs. counterclockwise)
of the colored disk. In blocks without color cue, the
position of the task-relevant disk was the same as in the
preceding block with color cue. That is, observers were
instructed to track the disk that appeared on the lefthand side in the ﬁrst frame, and whether it would
change position every other frame or not. Thus, there
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was no ambiguity regarding the response-relevant disk
when all disks were black. In each trial, either two or
three disks with white dots were presented (see Figure 4
and Supplementary Movies S1–S8). In the conditions
with the color cue, one disk was turquoise and the other
disk(s) were black. Otherwise, all disks were black. The
turquoise disk was either presented at the same position
on the screen in all frames of the trial (retinotopic
conditions) or switched position with a neighboring
black disk in every other frame (nonretinotopic
conditions). In each block of trials, the retinotopic and
nonretinotopic rotation directions (clockwise vs.
counterclockwise) and the initial orientation of the
relevant rotation (3, 6, 9, 12 o’clock) were counterbalanced in a fully factorial fashion. The retinotopic and
nonretinotopic rotation could hence be in the same
(e.g., both clockwise) or in opposite directions (i.e., one
clockwise and the other counterclockwise).
Before the experiment, participants performed one
training block of 16 trials with auditory error feedback,
and one warm-up block of 48 trials without error
feedback. In these blocks, we only used the stimuli
where one of the disks was turquoise and presented the
different conditions in random order. The participants
were instructed to report the rotation of this disk after
presentation of the last frame.
Stimulus
Either two or three disks with a diameter of 28 were
presented 48 above a central ﬁxation point (diameter ¼
0.058, red, 20 cd/m2). The disks were horizontally
aligned and separated by a gap of 0.58. Each disk
contained a white dot (100 cd/m2) with a diameter of
0.258. A white dot was positioned either in the center of
the disk or halfway between the center and the rim in
different angular positions (3, 6, 9, or 12 o’clock). The
disks were either black (0.4 cd/m2) or turquoise (33 cd/
m2) depending on the condition. The background was
midlevel gray (50 cd/m2).
The disks were presented for 100 ms and reappeared
after an interstimulus interval (ISI) of 200 ms. Per trial,
only four stimulus frames with disks and dots were
presented, preceded by two frames and followed by one
frame, in which the disks were presented without dots.
In trials with two disks, the disks were presented in the
same positions in all frames. In trials with three disks, a
third disk with a white dot was added alternately to the
left and right. The disks were then perceived to move as
a coherent group, alternately to the left and right, by
exactly one interstimulus distance (2.58). When only
two disks were presented, the disks appeared to ﬂicker
at the same position.
From frame to frame, the dots were displaced within
the disks to induce apparent motion. The perceived dot
motion depended on the number of disks and the
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motion type (retinotopic, nonretinotopic) that was
presented. When three disks were presented, the dot in
the middle disk was perceived to rotate and the dots in
the ﬂanking disks were perceived to jump up-down or
left-right in every second frame (nonretinotopic percept). When two disks were presented, the dot in the
left disk was perceived to rotate and the dot in the right
disk was perceived to jump up-down or left-right in
every second frame (retinotopic percept). Importantly,
the dot positions were identical in the two and three
disk conditions (as introduced in Lauffs et al., 2018).
The addition or omission of the third disk changed
whether the dot motion was perceived in retinotopic or
nonretinotopic coordinates, by changing the perceptual
organization (i.e., whether the disks are perceived as
moving left-right or stationary).

Results
We calculated the mean percentage of correct
responses for each of the eight conditions. Group and
individual means are shown in Figure 4. We subjected
individual means to a 2 (dot motion: retinotopic,
nonretinotopic) 3 2 (number of disks: 2, 3) 3 2 (color
cue: present, absent) analysis of variance (ANOVA)
and found a signiﬁcant three-way interaction, F(1, 9) ¼
61.23, p , 0.001, which justiﬁed separate two-way
ANOVAs for conditions with retinotopic and nonretinotopic dot motion. Other effects were also
signiﬁcant in the three-way ANOVA, but are not
reported for brevity.
A 2 (number of disks: 2, 3) 3 2 (color cue: present,
absent) ANOVA on percent correct for judgments of
retinotopic dot motion found a main effect of the
number of disks, F(1, 9) ¼ 61.71, p , 0.001, and
presence of a color cue, F(1, 9) ¼ 79.45, p , 0.001.
These main effects were modulated by a signiﬁcant
interaction, F(1, 9) ¼ 89.8, p , 0.001. Inspection of
conditions C1-C4 in Figure 4 suggests that judgments
of retinotopic dot motion were poor when group
motion was perceived (64% in C4), but highly precise in
the remaining conditions (.95% in C1, C2, and C3).
Possibly, the adoption of a reference frame based on
group motion made the judgment of response-relevant
retinotopic position difﬁcult (condition C4), but when
the color cue indicated the response-relevant retinotopic position (condition C3) this retinotopic cue was
sufﬁcient to alter the reference frame into a retinotopic
one. Paired t tests conﬁrmed that performance was
better with than without color cue (condition C3 vs.
C4, 95% vs. 64%), t(9) ¼ 10.35, p , 0.001. The
perception of retinotopic dot motion with color cue was
indistinguishable from the perception of retinotopic dot
motion without color cue (condition C1 vs. C2, 95% vs.
99%), p ¼ 0.168.
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Inspection of individual means in Figure 4 suggests
that there was a ceiling effect in conditions C1, C2, and
C3, which may compromise the normality of the data.
By the Kolmogorov-Smirnov test, we conﬁrmed that
the data were not normally distributed in these
conditions, ps , 0.004. Therefore, we replaced the
aforementioned t tests with a nonparametric test
(related-samples Wilcoxon signed-rank test), but found
the results to be unchanged.
The same 2 3 2 ANOVA was also performed on
individual percent correct in the conditions with
nonretinotopic dot motion (conditions C5-C8 in Figure
4). Performance was better with three than with two
disks (84% vs. 67%), F(1, 9) ¼ 72.99, p , 0.001,
suggesting that group motion and its attendant nonretinotopic reference frame helped perceive the non
retinotopic dot motion. Further, the main effect of
color cue, F(1, 9) ¼ 11.31, p ¼ 0.008, showed that the
color cue improved performance (80% vs. 70%). There
was no interaction, p ¼ 0.313, suggesting that the
differences in the effect of color, which are apparent in
Figure 4, were not reliable. Separate paired t tests
conﬁrmed that the color cue improved performance in
the two-disk condition where performance was initially
poor (60% vs. 74%), t(9) ¼ 2.47, p ¼ 0.036 , but also in
the three-disk condition where performance was
initially good because of group motion (80% vs. 88%),
t(9) ¼ 5.67, p , 0.001.

Discussion
We measured the effect of a color cue on the
perception of retinotopic and nonretinotopic dot
motion. Whereas the retinotopic disk motion was
masked by group motion in the same color condition,
adding the color cue led to a strong increase in
performance (see conditions C3 and C4 in Figure 4),
suggesting that color either reduced the conﬂicting
group motion (Hein & Moore, 2012) or facilitated the
attentional tracking of retinotopic motion. For nonretinotopic dot motion, color improved performance in
the condition beneﬁtting from the intuitive perception
of group motion (condition C7 vs. C8). The improvement may result either from improved perception of
group motion (Hein & Moore, 2012) or from enhanced
attentional tracking. Finally, color also improved
perception of nonretinotopic motion with two stationary disks (condition C5 vs. C6). The condition with two
stationary disks relies exclusively on attentional tracking because no other cue is available. With a colored
disk, it is likely that attentional tracking of dot motion
was facilitated. However, it may also be that the
colored disk helped to establish spatio-temporal
correspondence across stimulus frames.
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Figure 5. Performance with nonretinotopic dot rotation in
Experiment 2. We varied either the stimulus duration (a) or the
ISI (b). When the tracked disk was distinctly colored,
performance improved from chance-level to near-perfect
performance. When both disks were black, performance did not
exceed 70% correct. Colored data points represent individual
participants’ performance. Error bars represent one SEM.

Experiment 2
In Experiment 1, we showed that perception of both
the retinotopic and nonretinotopic rotation improved
with color cues. In Experiment 2, we evaluated the
timing parameters that lead to the maximal beneﬁt of
color before we ran the critical comparisons in
Experiment 3. In one condition, we parametrically
varied the stimulus duration and kept the ISI duration
constant. In another condition, we varied the ISI
duration and kept the stimulus duration constant.

Methods
The methods for Experiment 2 were identical to
Experiment 1 with the following exceptions. We only
used the 2-disk stimulus and instructed observers to
track the nonretinotopic dot rotation, starting with the
left disk in the ﬁrst frame (see Figure 5 and
Supplementary Movies S8–S32). In the condition with
ﬁxed ISI, the stimulus duration was randomly varied
from trial to trial (17–517 ms in 100 ms steps) and the
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ISI was ﬁxed at 200 ms. In the condition with ﬁxed
stimulus duration, the ISI duration was randomly
varied from trial to trial (0–500 ms in 100 ms steps) and
the stimulus duration was ﬁxed at 100 ms. For
comparison with research by Verstraten et al. (2000),
we also calculated the SOA (¼ stimulus duration þ ISI).
The SOA varied from 217 ms to 617 ms with ﬁxed ISI
and from 100 ms to 600 ms with ﬁxed stimulus
duration. The different stimulus/ISI durations and the
directions of the retinotopic and nonretinotopic rotations (clockwise, counterclockwise) were used in a
balanced 6 3 2 3 2 factorial design and presented in
random order. The rotation started randomly in a 3, 6,
9, and 12 o’clock orientation with equal probability.
Per condition, 48 trials were presented (i.e., eight trials
per stimulus duration/ISI). Each condition was ﬁrst run
with a color cue, followed by an identical block without
color cue. The order of conditions was counterbalanced
across participants.

Results and discussion
The ability to correctly indicate the nonretinotopic
dot rotation increased with ISI and stimulus duration
(Figure 5). Because the SOAs were not the same in
conditions with ﬁxed ISI and ﬁxed stimulus duration,
and SOA is key to attentional tracking of apparent
motion (Verstraten et al., 2000), separate ANOVAs
were carried out.
A 2 (tracking cue: color, none) 3 6 (stimulus
duration: 17, 117, 217, 317, 417, 517 ms) on individual
means from the condition with ﬁxed ISI of 200 ms
showed that performance was better with tracking of
the color cue compared to tracking without the color
cue (84% vs. 58%), F(1, 9) ¼ 70.56, p , 0.001. The effect
of stimulus duration, F(5, 45) ¼ 13.86, p , 0.001,
showed that performance increased from 52% at the
shortest to 79% at the longest duration. The interaction
was not signiﬁcant, p ¼ 0.33, suggesting that the rate at
which performance increased with increasing stimulus
duration (the slope of the curves in Figure 5a) was not
reliably different between the two tracking conditions.
Another 2 (cue: color, none) 3 6 (ISI: 0, 100, 200,
300, 400, 500 ms) on individual means from the
condition with ﬁxed stimulus duration of 100 ms (see
Figure 5b) showed better performance with one colored
disk than with two black disks (79% vs. 62%), F(1, 9) ¼
14.92, p ¼ 0.004, and increasing performance with ISI
(from 52% at the shortest to 75% at the longest ISI),
F(5, 45) ¼ 12.51, p , 0.001. Additionally, there was an
interaction of cue and ISI, F(5, 45) ¼ 2.97, p ¼ 0.021,
conﬁrming that the difference between color and no cue
condition increased from 8% at the shortest ISI to 26%
at the longest ISI.
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These results indicate that a color cue improved the
perception of nonretinotopic dot motion. Without
color cue, however, performance did not exceed 70%,
indicating that perception of nonretinotopic motion
was severely limited, even with long periods of time
between stimulus frames.
In Figure 5, we added a horizontal line to mark 75%
correct responses, which were used as threshold in
Verstraten et al. (2000). For the condition with color,
the stimulus duration corresponding to 75% correct
responses was around 100 ms (i.e., SOA of 300 ms; see
Figure 5a). The ISI corresponding to 75% correct
responses was around 200 ms (i.e., SOA of 300 ms,
Figure 5b). Thus, we estimate the rate of apparent
motion resulting in 75% correct to be roughly 3 Hz,
which is at the lower end of the tracking limits reported
in Verstraten et al. (2000).
Concerning the selection of an SOA that maximizes
differences between attentional tracking with and
without color cue, the experiment did not provide a clear
answer. In particular, there was no statistical evidence
for an interaction between time interval and color cue
when the ISI was ﬁxed (see Figure 5a). For lack of a
better criterion, we selected the interval with the
descriptively largest difference between conditions, the
stimulus duration of 300 ms and the ISI of 200 ms (i.e.,
SOA of 500 ms). Finally, it is noteworthy that tracking
of nonretinotopic motion without any external cue (i.e.,
with the black dots) was never better than 70%. Thus,
the attentional selection of alternating horizontal
stimulus positions was poor, but could be improved
when color established spatiotemporal correspondence.

Experiment 3
In Experiment 3, we investigated the perception of
nonretinotopic dot motion in more detail. Experiment
1 showed that making the response-relevant disk salient
by means of a color cue improved the perception of
nonretinotopic dot motion (see conditions C5-C8 in
Figure 4). Because the salient color cue also changed
spatiotemporal correspondence, improved performance
could not be attributed to attentional tracking alone. In
Experiment 3, the conditions of interest featured two
colored disks of equal saliency (with physically
isoluminant colors). Thus, attentional selection of one
of the two colors was necessary. In contrast, it was no
longer possible to establish spatiotemporal correspondence based on saliency. Rather, the response-relevant,
but inconspicuous color had to be attentionally
tracked. In another condition, we presented two
equally salient shapes (with equal surface area) instead
of two colors. The central question was whether
attentional tracking of color or shape would improve
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Figure 6. Discrimination of nonretinotopic dot rotation direction in Experiment 3. We varied the tracking cues to investigate whether
attentional tracking of color or shape was as efficient as luminance-defined cues or group motion. Participants were asked to report
the nonretinotopic rotation in all conditions. Error bars indicate one SEM. Colored circles depict the mean performance of the
individual observers.

perception of nonretinotopic motion relative to the
condition without external cues. Further, we asked
whether nonretinotopic motion perception would reach
similar levels for salient stimuli, requiring little attentional tracking, as for inconspicuous elements that
depended on attentional tracking. A single dot on two
stationary disks and a single dot on a single disk were
used to induce spatiotemporal correspondence by
saliency. We refer to these cues as luminance-deﬁned
cues. Finally, we repeated the condition with group
motion to evaluate whether attentional tracking or
luminance-deﬁned cues allow for similar levels of
nonretinotopic motion perception.

Methods
The methods for Experiment 3 were identical to
Experiment 1, unless noted otherwise. We used a
stimulus duration of 300 ms and an ISI of 200 ms. Ten
new, naı̈ve observers participated in the experiment
(mean age: 21.9 years; SD ¼ 2; range: 19–25; six female;
nine right-handed; seven right eye dominance). All
observers had normal color vision as tested with the
Ishihara test for color deﬁciency (Ishihara, 1987).
Observers were instructed to report the direction of the
nonretinotopic dot rotation (clockwise vs. counter-
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clockwise), starting with the left disk in the ﬁrst
stimulus presentation of each trial. We again used the
movies provided in the supplementary materials to
instruct the participants (see Figure 6 and Supplementary Movies S33–S45). The conditions were presented
in random order, with one block of 32 trials each.
Retinotopic and nonretinotopic rotation directions and
the initial orientation of the rotating dot (3, 6, 9, 12
o’clock) were counterbalanced in a randomized fullfactorial design for each observer and block. Before the
experiment, each observer performed one practice
block of 16 trials using the same stimulus as in
Experiment 1. Auditory feedback for incorrect responses was provided only during the practice block.
Group motion
Three black disks moved left and right in concert.
Only the middle disk contained a white dot that
performed a nonretinotopic rotation. This condition is
the baseline condition and referred to as ‘‘three-disk’’
condition.
Luminance
In one condition, a single black disk moved left and
right and contained a white dot that performed a
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nonretinotopic rotation (one-disk). In another condition, one of two disks had a rotating dot (one-dot). The
dot was presented in the left disk in uneven numbered
frames and in the right disk in even numbered frames.
Color
Participants tracked the color of the disk that was
shown on the left position when the dot appeared. The
color of the tracked dot remained the same in a block
of trials. In one condition, each disk was enclosed by a
square-shaped frame, which was blue for one and green
for the other disk (physically isoluminant, both 45 cd/
m2). In another condition, the disks were not black, but
one was blue and the other green. In a third condition,
both disks were black, but one dot was blue and the
other green.
Shape
Instead of two disks, we used one disk and one
square. Both were black with white dots and had the
same surface area. Participants tracked the shape on
the left when the dots appeared. The shape stayed the
same in a block of trials.
No cue
Two stationary black disks were presented. Both
disks had white dots in all frames. In addition to the
nonretinotopic rotation, a retinotopic rotation could be
perceived in the left disk, and a retinotopic up-down or
left-right dot motion in the right disk.
Mixed
This condition was similar to the luminance condition with a single disk, except that the left disk had an
additional dot in the even numbered frames. These
additional dots were positioned so that a retinotopic
rotation of the left disk could be perceived.

Results
The mean percentages of correct responses for the
perception of nonretinotopic dot rotation are presented
in Figure 6. We had created several versions of the
luminance and color cue condition because we were
unsure which would be most effective. To test for
eventual differences, we performed a one-way ANOVA
on the three-color cue conditions, but found no
signiﬁcant effect, F(2, 18) ¼ 1.48, p ¼ 0.254. We
therefore collapsed the color conditions. Similarly, we
found no difference between the two luminance
conditions, t(9) ¼ 0.58, p ¼ 0.576, and, therefore,
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collapsed these conditions as well. To evaluate effects
of attentional tracking, we compared the color cue
condition to the group motion and luminance cue
conditions. Results from t tests were conﬁrmed by
nonparametric Wilcoxon tests. Performance with color
cues was worse than with group motion (81% vs. 94%),
t(9) ¼ 2.81, p ¼ 0.021, but better than without cues (81%
vs. 61%), t(9) ¼ 3.71, p ¼ 0.005. Importantly, there was
no signiﬁcant difference between color and luminance
cues (81% vs. 87%), t(9) ¼ 1.25, p ¼ 0.244, showing that
attentional tracking of color was as efﬁcient as
spatiotemporal correspondence established by luminance cues. Performance with attentional tracking of
shape was nonsigniﬁcantly worse than tracking of
color, t(9) ¼ 2.13, p ¼ 0.062. Possibly, it was more
difﬁcult to discriminate between the two shapes in
peripheral vision than between the two colors. Further,
we explored performance in a condition in which the
presence and absence of external cues alternated (one
to two dots) and found performance (78%) to be in the
range of performance with external luminance, color,
or shape cues (75%-87%).

Discussion
Experiment 3 showed that the perception of nonretinotopic dot motion is best in the Ternus-Pikler
display with group motion. Perception of nonretinotopic motion with other cues, such as luminance, color,
or shape was worse, suggesting that group motion is a
powerful cue to nonretinotopic motion perception. We
were interested in isolating attentional tracking in
nonretinotopic motion perception. As in Experiments 1
and 2, performance in the no-cue condition was poor,
showing that attentional tracking of position alone was
difﬁcult. However, the drop in performance from group
motion to the no-cue condition may underestimate the
efﬁciency of attentional tracking because external cues
beyond stimulus position were missing. After all, group
motion is established by the Gestalt principle of
‘‘common fate’’, which is a powerful cue beyond disk
position, whereas only disk position was available in
the no-cue condition. Therefore, we created conditions
where observers had to attentionally track a color or a
shape when two equally salient colors were available.
Although spatiotemporal correspondence could be
established by the Gestalt principle of similarity, it was
nonetheless necessary to select one of the two colors to
accomplish the task. Thus, the color conditions isolate
attentional tracking, but provide an external cue
beyond disk position. We found that attentional
tracking worked as well as luminance-deﬁned cues,
showing that attentional tracking may contribute to
nonretinotopic motion perception. However, performance with color (or shape) cues was worse than with
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group motion, suggesting that nonretinotopic motion
perception cannot be entirely accounted for by
attentional tracking. Further, performance with luminance-deﬁned cues was also worse than with group
motion. In the one-disk condition, only a single disk
was shown so that establishing spatiotemporal correspondence was easy. However, performance was
actually worse than with group motion, suggesting that
the reference frame created by the outer disks
facilitated perception compared to a single object.

General discussion
Elements are grouped into wholes by a variety of
Gestalt laws such as common fate, similarity, proximity, good continuation, etc. The two-stage model that
we consider here (Figure 2) proposes that each group is
endowed by a reference frame that guides the
attribution of stimulus features according to group
identities. For example, consider the phenomenon of
crowding, which refers to the failure to recognize visual
stimuli when ﬂanked by other stimuli (Andriessen &
Bouma, 1976). The target stimulus itself is visible but
features of the target and adjacent stimuli (ﬂankers)
appear mixed up (Pelli, Palomares, & Majaj, 2004).
However, we showed that when the ﬂankers do not
belong to the same group as the target, the target itself
becomes easily identiﬁable (Herzog & Manassi, 2015;
Herzog, Sayim, Chicherov, & Manassi, 2015; Saarela &
Herzog, 2008). One possible explanation for this effect
is that segregating the target and ﬂankers into two
distinct groups creates two different reference frames so
that features of the ﬂankers are not attributed to the
target and vice versa.
For dynamic stimuli, perceptual grouping occurs in
space and time and the resulting spatiotemporal
reference frames determine how features are attributed
within perceptual groups. In sequential metacontrast,
stimuli are grouped into different motion streams and
the processing of features of individual elements
depend on group membership of the elements (Herzog,
Otto, & Öğmen, 2012; Otto, Öğmen, & Herzog, 2006;
Otto, Öğmen, & Herzog, 2009). Vernier offsets of
elements within the same group (motion stream) are
integrated, whereas Vernier offsets of elements in
different groups are not, regardless of spatiotemporal
proximity (Otto et al., 2006). Similarly, as shown here
and in previous work (Boi et al., 2009; Lauffs et al.,
2018), in the Ternus-Pikler display, which pits retinotopic reference frames against grouping-based nonretinotopic reference frames, feature processing
depends on spatiotemporal grouping and the attendant
reference frame.
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As shown in Figure 2, the choice of reference frames
can also be inﬂuenced by attentional mechanisms.
Attention can modulate and alter perceptual groups,
especially if they are ambiguous. Previous research
suggests that a reference-frame can also be established
based on the spatiotemporal trajectory of focal
attention (Cavanagh, 1992; Lu & Sperling, 1995;
Verstraten et al., 2000). Here, we investigated whether
cues such as color, shape, or luminance facilitate
motion perception on the to-be-tracked object. In
Experiment 1, we focused on two conditions that
typically result in poor performance. First, it is difﬁcult
to perceive the retinotopic dot when there is group
motion (see condition C4 in Experiment 1; e.g., Boi et
al., 2009; Clarke, Öğmen, & Herzog, 2016; Lauffs et al.,
2017; Lauffs et al., 2018). However, despite being
invisible, retinotopic motion may strongly interfere
with perception of nonretinotopic motion (Lauffs et al.,
2018). Second, it is hard to perceive nonretinotopic dot
motion with two stationary disks (see condition C6 in
Experiment 1). We found that color cues improved
performance in both cases, suggesting that attentional
tracking may contribute to the perception of retinotopic and nonretinotopic motion perception. However,
an alternative account in terms of changes in the
perception of group or element motion (Hein & Moore,
2012) cannot be ruled out.
One argument against a strong role of attentional
tracking is that perception of nonretinotopic motion
with two stationary disks, which relies exclusively on
attentional tracking, is poor (condition C6 in Experiment 1, no-cue conditions in Experiments 2 and 3). It
may be that the perception of retinotopic motion inside
the two stationary disks interfered with tracking the
nonretinotopic motion between the left and right
position. When a color cue was added (condition C5 vs.
C6 in Experiment 1, color cue conditions in Experiments 2 and 3), performance improved moderately, but
was far from ceiling. Similarly, performance improved
moderately when we added a color cue with nonretinotopic motion perception (condition C7 vs. C8 in
Experiment 1). The latter improvement may arise from
attentional tracking or an enhancement of the group
motion. Whatever the exact mechanism(s) at work, the
effects of the color cue are limited. As a further case in
point, Experiment 3 showed that nonretinotopic
motion perception was worse with any of the tracking
cues compared to group motion. Thus, our experiments
point to a limited role for attentional tracking, but
cannot decide whether nonretinotopic motion perception with group motion arises from a motion processor
after group motion is established or results directly
from an attentional tracking. It was just recently found
that even smooth motion percepts can result from
tracking (Allard & Arleo, 2016).
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The ﬂicker rate in our paradigm was well within the
limits of attentional tracking (Verstraten et al., 2000).
Our results are surprising when put into the context of
the existent literature on multiple object tracking
(Cavanagh & Alvarez, 2005; Meyerhoff, Papenmeier,
Jahn, & Huff, 2013; Pylyshyn & Storm, 1988; Vater,
Kredel, & Hossner, 2016), where it has been shown that
observers can track up to four disks over several
seconds even when the disks cross the trajectories of a
large number of distractor disks. In the light of
powerful attentional tracking of objects undergoing
smooth motion, it is surprising that observers can
hardly track one disk in the two-disk condition without
the color cue (e.g., condition C6 in Experiment 1, nocue condition in Experiments 2 and 3). This suggests
that the spatiotemporal trajectory of focal attention in
isolation plays a relatively weak role in the ﬁrst stage of
the two-stage model (Figure 2). Instead, interactions
between attention and other grouping cues, seem to
provide a much stronger basis for determining the
reference frame underlying stimulus processing.
Surprisingly, Experiment 2 showed that increasing
the ISI or duration in this condition did not change the
results substantially. Even when the ISI was 500 ms,
attentional tracking was almost impossible when
external cues were absent. In this case, the entire
sequence lasted for 2.2 s; retinotopic motion still
prevailed. With the addition of the color cue, ceiling
performance was reached for SOAs of 400 to 500 ms.
We suggest that built-in motion routines have a
privileged role in establishing spatiotemporal groups.
This leaves a limited role for attentional tracking for
substantial times of processing. The primacy of motion
in transforming retinotopic coordinates into nonretinotopic ones makes ecological sense. Due to our own
movements and those of external objects, we receive
highly dynamic stimuli according to retinotopic coordinates. Hence, motion is a relevant, abundant, and
readily available feature. However, color and spatial
cues also play an important role in perceptual grouping
(Figure 2). They can override motion cues and allow
tracking, especially when they are congruent with the
task-dependent trajectory of attentional tracking.
Whereas the role of attentional tracking is limited, we
showed that attention operates after the reference
frames are established, i.e. in nonretinotopic coordinates (Experiment 3; Boi et al., 2009; Boi, Vergeer,
Öğmen, & Herzog, 2011; Scharnowski, Hermens,
Kammer, Öğmen, & Herzog, 2007).
Taken together, our results add evidence that
attention and grouping are different but interacting
processes. Our study highlights the importance of
reference frames and supports the two-stage model
(Figure 2). The model clariﬁes how various features
and cues can work in conjunction or in competition to
determine prevailing groups. These groups in turn
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establish reference frames according to which features
are processed and bound together. Attention allows the
selection from a variety of possible groupings, the
grouping that ﬁts best on the observer’s internal state
and goals, especially when Gestalt laws produce groups
of similar strengths.
Keywords: nonretinotopic processing, reference frame,
attentional tracking, motion perception

Acknowledgments
M. M. Lauffs, O. H. Choung, and M. H. Herzog
were supported by the Swiss National Science
Foundation 320030_176153 ‘‘Basics of visual
processing: from elements to ﬁgures.’’ D. Kerzel was
supported by the Swiss National Science Foundation
100019_182146.
*Marc M. Lauffs and Oh-Hyeon Choung contributed
equally to this manuscript.
Commercial relationships: none.
Corresponding author: Oh-Hyeon Choung.
Email: oh-hyeon.choung@epﬂ.ch.
Address: Laboratory of Psychophysics, Brain Mind
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