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Abstract
An animal’s environment is rich with affordances. Different possible actions are specified by visual information while competing
for dominance over neural dynamics. Affordance competition models account for this in terms of winner-takes-all cross-
inhibition dynamics. Multistable phenomena also reveal how the visual system deals with ambiguity. Their key property is
spontaneous instability, in forms such as alternating dominance in binocular rivalry. Theoretical models of self-inhibition or self-
organized instability posit that the instability is tied to some kind of neural adaptation and that its functional significance is to
enable flexible perceptual transitions. We hypothesized that the two perspectives are interlinked. Spontaneous instability is an
intrinsic property of perceptual systems, but it is revealed when they are stripped from the constraints of possibilities for action.
To test this, we compared a multistable gestalt phenomenon against its embodied version and estimated the neural adaptation and
competition parameters of an affordance transition dynamic model. Wertheimer’s (Zeitschrift fur Psychologie 61, 161–265,
1912) optimal (β) and pure (φ) forms of apparent motion from a stroboscopic point-light display were endowed with action
relevance by embedding the display in a visual object-tracking task. Thus, each mode was complemented by its action, because
each perceptual mode uniquely enabled different ways of tracking the target. Perceptual judgment of the traditional apparent
motion exhibited spontaneous instabilities, in the form of earlier switching when the frame rate was changed stepwise. In contrast,
the embodied version exhibited hysteresis, consistent with affordance transition studies. Consistent with our predictions, the
parameter for competition between modes in the affordance transition model increased, and the parameter for self-inhibition
vanished.
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In a natural environment a functionally adaptive perceptual
system has to guide behavior with respect to multiple and com-
peting opportunities for action (Rietveld & Kiverstein, 2014;
Saltzman & Caplan, 2015). William James (1904) defined this
as the problem of themultiplicity of potential structure.1 James
Gibson (1966) later extended this to the problem of how the
same optic array from the same environment can specify mul-
tiple and sometimes mutually exclusive possibilities for action.
The table in front affords climbing on top or crawling under-
neath. How do we quickly select actions from what the current
environment affords and make our way through the world
without wasting time to consider every possible path?

This problem has been studied extensively in the context of
two largely unrelated classes of paradigms: unstable visual phe-
nomena and switching between perceived affordances. The for-
mer class is exemplified by binocular rivalry (Blake &
Logothetis, 2002) and the geometric displays of theNecker cube
and other gestalt phenomena (Kruse & Stadler, 1995). Their
characteristic dynamic property is lack of stability, expressed
in the form of spontaneous alternation among possible percep-
tual configurations. The latter is exemplified by affordance
boundary experiments that study how environmental variables,
called control parameters, specify affordances (Warren, 1984).
For instance, step height divided by leg length is a body-scaled
control parameter that specifies the ability to step on a stair
(Warren & Wang, 1987). The characteristic dynamic property
of affordance boundary experiments is stability expressed in the
form of hysteresis, whereby the switching point for perceived
affordance in response to a gradually changing control parame-
ter comes later for increasing relative to decreasing direction of
change (for a review, Dotov, de Wit, & Nie, 2012).

Unstable visual phenomena can be understood as separate
modes of neural dynamics characterized by self-inhibition
(Ditzinger & Haken, 1989; Frank, Profeta, & Harrison, 2015)
or neural adaptation (Kruse, Carmesin, Pahlke, Strüber, &
Stadler, 1996; Laing & Chow, 2002). Self-inhibition explains
why a dominant mode cannot be sustained indefinitely, leading
to spontaneous switching. The functional significance of neural
adaptation therefore is that it enables flexible switching. Such
theoretical models are not complete, however, because they
deal with a special case with no obvious mapping to perception
in general (Braddick, 2018) and place the visual system in a

different role from its default, which is to guide action (Warren,
2012). On the other hand, action-selection but not spontaneous
switching has been addressed by the affordance competition
hypothesis, an impactful theory about the neural integration of
spatial and other contextual information about action (Cisek,
2007; Cisek & Kalaska, 2010). It posits that the dorsal stream
activations for action alternatives are subject to a winner-takes-
all dynamic but also that the competition is biased in a top-
down manner by the action relevance, action planning, and
reward associated with the stimulus and resolved by other areas
such as the ventral stream and frontal areas.

We propose the notion of embodied gestalts to fuse these
two parallel theoretical traditions, along with their respective
experimental paradigms. Whereas the contemporary continu-
ations of gestalt theory focus mainly on unstable visual phe-
nomena and explain them in terms of intrinsic neural dynamics
(Friston, Breakspear, & Deco, 2012; Kruse & Stadler, 1995),
embodied gestalts involve nested dynamics of the brain, body,
and environment. This has been formalized in a model that
combines the two constraints, namely neural adaptation for
self-inhibition and competition for action selection in a natural
environment (Lopresti-Goodman, Turvey, & Frank, 2011,
2013). In particular, the past work predicts that the relative
balance between the two constraints within the same model
can account both for the spontaneous or early transitions char-
acteristic of bistable visual phenomena and the late transitions
or hysteresis characteristic of affordance transitions. To test
this, we designed a task in which a rivalry visual phenomenon
known to exhibit spontaneous instabilities was endowed with
action relevance by being embedded in a perception–action
task. We then compared the stability of perceptual modes with
and without the action selection constraint. This approach was
inspired by studies of the effects of sensory–motor congruency
on unstable phenomena. Using hand movements coupled to
the stimulus to report the direction of an ambiguously rotating
sphere had a stabilizing effect, extending the dominance of the
movement-congruent mode (Maruya, Yang, & Blake, 2007).
Dimensional congruency produced a similar effect (Beets,
Rösler, Henriques, Einhäuser, & Fiehler, 2010).

A suitable phenomenon is the bistable apparent motion
seen with stroboscopically flashed luminant dots. Magni-φ
is a more stable but also a more versatile version (Steinman,
Pizlo, & Pizlo, 2000) of the classic apparent motion2 studied
by Wertheimer (1912). Magni-φ involves a circular arrange-
ment of an arbitrary number of dots in which a new dot is

1 American philosopher William James conceptualized perception as the real-
ization of a relational structure between knower and known in terms of active
selection from a multiplicity of potential structure—“The one self-identical
thing has so many relations to the rest of experience that you can take it in
disparate systems of association, and treat it as belonging to opposite contexts”
(James, 1904, p. 481)—and importantly, not only things but also relations
between things are directly perceivable (Heft, 2001). J. J. Gibson, a student
of James’s student, considered the same problem: “The world is often like a
three-ring circus to a child—too many things happening too fast . . .” (1966, p.
309). How does a perceiver use subtle contextual information in a changing
environment to select a particular opportunity for action out of the many (or
indefinitely many) possible ones, or switch from one to another?

2 As a historical note, pure motion was Wertheimer’s (1912) important dis-
covery, because motion was seen in the absence of any change in the location
of the objects constituting the stimulus. This implies that the perception of
motion is not necessarily an integration of successive object locations. The
φ value showed thatmotion as such is a fundamental dimension of experience,
independent of perceptions of successive locations. As King and Wertheimer
(2005) underscored, MaxWertheimer viewed the whole not only asmore than
the sum of its parts but as prior to or entirely different from the sum of its parts,
in that it determines the nature of its parts.
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masked consecutively at each successive video frame (see Fig.
1A). The frame update rate acts as a control parameter and
determines the stability of each perceptual mode. At low rates,
an individual dot appears to make one step like in an animated
movie (β), leaving an open space to which the following dot
will move at the subsequent video frame.3 At high rates, a
contour-less shadow (φ) appears to move on top of the ring
of stationary dots. Rates in the middle range enable a rivalry
phenomenon, because both β and φ are possible (roughly
between 5 and 20 fps; see the Method sections and
Appendix A), making this an instance of a bistable visual
display (Shaw, Flascher, & Mace, 1996). The usual method
for studying the stability of the β and φ modes is to have
participants classify the stimulus over successive presenta-
tions, either verbally or with a button press. In the case of
β–φ classification, early transitions are expected, due to the
inherent instability of the phenomenon.

In our embedded φ–β version of the task, the same visual
display served as a stimulus in a game of tracking a moving
object. If a particular dot is indicated at the beginning of the
trial and has to be identified by the participant at the end, this
requires it to be tracked continuously, because all dots in the
φ–β phenomena have the same appearance. Importantly, each
of the two modes of apparent motion specifies a different

trajectory for the individual dots. In what we refer to as φ-
tracking, the target dot undergoes repetitive occlusions by the
rotating shadow. In what we refer to as β-tracking, the target
dot moves around the ring. In this way, φ-tracking is a differ-
ent action from β-tracking. The perceptual mode is implicitly
recorded through the participants’ responses at the end of each
trial, because different final locations are specified by φ and
β; see Fig. 1B.

The stability of perceptual modes against a changing stim-
ulus was probed by delivering two sequences of trials, one with
an ascending and one with a descending control parameter, in
the form of an affordance boundary experiment, with β→φ
transitions in ascending sequences and φ→β transitions in
descending sequences. The same procedure was repeated once
in the tracking condition and once in the classification condi-
tion. The same stimuli and sequences were seen in both con-
ditions, but in classification the instruction was not to track a
particular object but to observe and report which mode was
seen—for simplicity, labeled as “shadow” and “beads” in rela-
tion to what is seen to move inφ and β, respectively (see Fig.
1A). To define themeasure of stability more specifically, ifαcrit

is the critical value of the control parameter, then instability and
early switching are associated with lower values in ascending
relative to descending sequences (αcrit,ascending < αcrit,descending),
and stability is associated with larger values in ascending rela-
tive to descending sequences (αcrit,ascending >αcrit,descending) (see
Fig. 2A and B, respectively). Late switching was expected in
the tracking condition, in agreement with affordance transition

Fig. 1 The three consecutive phases (preparation, presentation, response)
of the classifying in classifying (A) and tracking (B) trials. The tracking
target is indicated during preparation (gray star at the top panel of part B).

The bottom panel of part B, not seen by the participants, shows examples
of the final target locations that are possible with the two modes of
apparent motion in a given trial.

3 A less stable version of β exists, in which all dots are seen to be spinning
grouped as a solid circular structure. Pilot trials found this mode to be difficult
to observe with the present settings of the display parameters (i.e., visual angle
among the elements).
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studies (e.g., Fitzpatrick, Carello, Schmidt, & Corey, 1994;
Lopresti-Goodman et al., 2013; van der Kamp, Savelsbergh,
& Davis, 1998). Conversely, early switching due to inherent
instability was expected in the classification condition, in agree-
ment with past studies with reduced action relevance of
affordance classifications (Fitzpatrick et al., 1994; Pisarchik,
Jaimes-Reátegui, Magallón-García, & Castillo-Morales, 2014;
Tuller, Case, Ding, & Kelso, 1994; van Rooij, Bongers, &
Haselager, 2002).

We also estimated parameters for the affordance transition
model to test whether the same theoretical account can explain
both dynamic regimes (Lopresti-Goodman et al., 2011, 2013).
The affordance transition model combines a destabilizing, self-
inhibition (neural adaptation) dynamic at a rate h and a compe-
tition, winner-takes-all dynamic at a rate g. The relative strength
of the two determines the relative timing of transitions in as-
cending and descending trials (Ditzinger & Haken, 1989;
Lopresti-Goodman et al., 2011, 2013). Themodel is solved such
that values of the competition parameter (g) and the adaptation
parameter (h) are calculated from the two transitions points in an
ascending and a descending trial sequence; see Appendix B.

Experiment 1

Method

A single trial, shown schematically in Fig. 1A and B,
consisted of a brief stimulus presentation followed by a sta-
tionary period, during which the response was made. In visual
classifying, the manner of responding was only symbolically
related to the perceptual judgment, in that participants had to
indicate one of two words, “beads (β)” or “shadow (φ),” by
clicking with the mouse. In visual tracking, which bears re-
semblance to a multiple object tracking (MOT) task, a target
dot was indicated at the beginning of the trial and then the
response at the end of the trial consisted of clicking the target
object at its final location. In an ascending sequence of trials,
as frame rate progressively grew from very slow to very fast
participants were expected to switch from β to φ, and vice

versa in the descending sequence. In the tracking condition,
the number of the last few frames was controlled so that the
two possible target trajectories, implied by β-tracking (the
target moves along the ring) and φ-tracking (the target is
stationary but periodically occluded), would terminate within
the opposite halves of the ring.

Participants Thirteen students in an Introductory Psychology
course at the University of Connecticut participated in partial
fulfillment of a course requirement. All had normal or
corrected-to-normal vision. The experiment had the approval
of the University’s Institutional Review Board.

Materials and apparatus A desktop computer, mouse, and a
CRT screen with 120 Hz update rate were used to perform the
task. A Matlab script employing the capabilities for real-time
video frame control of the PsychoPhysics Toolbox (Brainard,
1997; Pelli, 1997; Pelli & Zhang, 1991) implemented all as-
pects of data collection and visual stimulus. A frame consisted
of a black background with nine dots (0.3° of visual angle)
each with a yellow center and white border arranged in circle
(1.5° visual angle), with the circle centered on the screen and a
black mask covering one dot. In each frame the mask was
displaced clockwise to the following dot location. The frame
update rate α was incremented between trials in ascending or
descending manner. The 16 update rates in a sequence of 16
trials were distributed according to an exponential function (α
= e(–.4+.28n), n∈N0 [1:16], ranging from about 1.20 to 60 Hz),
more densely distributed for higher frequencies (Kruse et al.,
1996). The frame update rate acted as a control parameter for
β- and φ-tracking, just as step height relative to leg length
limits step-on-ability, because empirical considerations from
visual persistence indicated that the limit for tracking a dot as
it moves to adjacent positions in the β-tracking mode is about
20 fps, or 50 ms (see Appendix A).

The perceived apparent motion mode in the φ–β phenom-
enon specifies the target trajectory. There were two possible
correct target locations, corresponding to φ- and β-tracking,
respectively, and seven incorrect ones. Deviation in tracking
was the absolute angular deviation between the click location

Fig. 2 A qualitative illustration of the expected responses in ascending
and descending trial sequences in the conditions of classifying (A) and
tracking (B), with respect to modulating the frame update rate (α), shown

in frames per second (lower x-axis) and ability-scaled (i.e., environmental
variable divided by ability) by the maximum rate for β-tracking (upper x-
axis).
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and the closer of the two possible correct locations. Failure in
tracking was defined as an absolute deviation larger than 40°
(the distance between adjacent dots).

Design Ascending and descending α defined the independent
variable sequence order. The independent variable of task had
two levels: classifying and tracking. Participants performed
four sequences, one in each of the four conditions in a two
(sequence order) by two (task) repeated measures design.
Conditions were randomized but blocked by task.

Procedure Introduction to the experiment was followed by an
adjustment of the viewing distance from the monitor to 80 cm.
Participants were requested not to lean forward. A sequence of
demonstration and practice trials was then performed in both
tracking and classifying conditions. The sequence included
values from the high and low end of the frame update rate.
Several participants required additional practice to perform β-
tracking. The given instructions explained that each trial
would gradually shift from the one end to the other end of
frame update rate and, by implication, participants would like-
ly switch from the one perceptual mode to the other in the
course of the trial. The task in classifying was to indicate what
was seen whereas in tracking it was to visually track a target
dot and click it at the end. No instructions were given about
when and how to switch, where to focus on the screen, how to
move one’s eyes. Hand or finger movements during stimulus
presentation were discouraged in both conditions. Four se-
quences of experimental trials were performed after
preparation.

Analysis αcritical in a trial was defined as the value of α corre-
sponding to the first mode transition in that sequence.
Multiple transitions back and forth within the same sequence
were rare. The model parameters g (competition among
modes) and h (self-inhibition) were calculated from the pair
ofαcritical recorded in the ascending and descending sequences
(see Appendix B).

Result

A 7.21% error rate for tracking indicated the feasibility of the
task and that participants understood the task requirements.
All recorded trials resulted in transitions. Multiple transitions
in the same trial were rare. As Fig. 3A suggests, in tracking the
observed αcritical was higher for ascending sequences (M =
13.29, SD = 3.68) than for descending sequences (M = 6.25,
SD = 2.63) in the tracking task, indicating relative stability.
The relation was reversed in classifying, Fig. 3A, with the
mean αcritical lower in ascending sequences (M = 8.38, SD =
2.88) than in descending sequences (M = 8.94, SD = 4.00),
indicating relative instability.

A 2×2 repeated measures analysis of variance (ANOVA)
showed no main effect of task, F(1, 12) = 2.22, p = .16, ηp

2 =
.16. Order was significant, F(1, 12) = 58.66, p < .001, ηp

2 =
.83, such that αcritical was higher for ascending sequences than
for descending sequences. An interaction between the two fac-
tors was found,F(1, 12) = 14.16, p < .01, ηp

2 = .54. ABayesian
approach found the same pattern of results when testing
against the null (intercept) hypothesis. The Bayes factor (BF)
indicated no evidence for the model with task (BF < 1), strong
evidence with order (BF = 25.69) and with task and order (BF
= 11.94), and very strong evidence if the interaction of task and
order was included (BF = 20,042.49). Pairwise comparisons, t
tests with df = 12 and the Holm correction, showed a signifi-
cant difference between the ascending and descending mean
transition values in tracking, p < .001, indicating positive hys-
teresis, but not in classifying, p = .56, indicating no negative
hysteresis.When taking the interaction into account, ascending
sequences tended to switch earlier in classifying than in track-
ing, p < .01, but the opposite difference for the descending
sequences was not statistically significant, p = .07.

Discussion

Themanipulation of action relevance proved effective inmod-
ulating the transition points. Perceptual instabilities leading to
a perceptual mode transition occurred earlier in classifying
sequences (no hysteresis) than in tracking sequences (positive
hysteresis). Strong evidence for early switching (negative hys-
teresis) was not found.

Experiment 2

The affordance transition model explains changes in the size
of hysteresis in terms of the strength of self-induced destabi-
lization h at the slower time scale. It is possible, however, that
this instability is due to how long one stares at the stimulus,
not to whether the perceptual process is bound to an action
selection. To address this possibility, Experiment 2 employed
a sequence of the control parameter with the same range as in
Experiment 1 but shorter and more numerous trials.
Additionally, the step size at the upper end of the frequency
range of Experiment 2 was increased relative to Experiment 1
and decreased in the middle and lower end. If perceptual in-
stability is mediated by duration of exposure to the stimulus,
then transitions is expected to happen later with respect to the
control parameter in the descending sequences in Experiment
2 than in Experiment 1.

Method

All aspects of Experiment 1 were reproduced save for two
details, N = 10 and the distribution of the stimulus update
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rates. A sequence consisted of 29 trials with a mean duration
of 2.80 . The update rates were defined piecewise. The first ten
values beginning with 60 fps decayed faster than in
Experiment 1 and then followed α = e(–.9+.1n), n∈N0 [11, 12,
. . . , 29].

Results

A 6.55% error rate implied that the task was feasible and that
participants understood the task requirements. All recorded
trials resulted in transitions and multiple transitions in the
same trial were rare.

Observed αcritical In tracking, the transition value was higher
for ascending sequences (M = 12.19, SD = 3.66) than for
descending sequences (M = 7.33, SD = 2.22). The relation
was reversed in classifying, with the mean αcritical lower in
ascending sequences (M = 7.49, SD = 2.19) than in descend-
ing sequences (M = 12.55, SD = 6.93), as is shown in Fig. 3B.

A 2×2 repeated measures ANOVA showed an interaction
between task and sequence order, F(1, 9) = 13.90, p < .01, ηp

2

= .62, but no main effect of either (Fs < 1). A Bayesian ap-
proach showed the same pattern of results when testing
against the null (intercept) hypothesis. The Bayes factor indi-
cated no evidence for the models with task (BF < 1), order (BF

< 1), or task and order (BF < 1), but strong evidence if the
interaction of task and order was included (BF = 9.04).
Pairwise comparisons, t tests with df = 9 and Holm correction,
showed a significant difference between the ascending and
descending transition values in tracking, p < .01, and no effect
in classifying, p = .09. Taking the interaction into account,
ascending sequences switched earlier in classifying than in
tracking, p < .01, and, similarly, descending sequences
switched earlier in classifying than in tracking, p < .05.

αcritical across Experiments 1 and 2 Given that Experiments 1
and 2 differed only in terms of the response schedule—how
often participants had to respond within the trial—the two
datasets can be combined in a design with response schedule
serving as a between-subjects factor. The distributions of
perceived φ and β modes per frame rate are summarized in
Fig. 4, separately for sequence order, condition, and response
schedule. A mixed-design ANOVA revealed no main effect
of schedule, F(1, 21) < 1; a main effect of sequence order,
F(1, 21) = 5.10, p < .05, ηp

2 = .19; no interaction of schedule
with task, F(1, 21) < 1; an interaction of schedule with se-
quence order, F(1, 21) = 5.43, p < .05, ηp

2 = .22; and no three-
way interactions, F(1, 21) < 1.

We found a significant interaction between the task and
order (ascending vs. descending), F(1, 21) = 28.34, p < .001,

Fig. 3 (A–B)Mean (and 95% confidence intervals)αcrit per conditions of
performance and sequence order in Experiment 1 (A) and Experiment 2
(B). The right-hand y-axes (α*) show the ability-scaledαcrit. (C–D)Mean

(SE) model parameters for competition g, where g = 1 indicates no
competition (C), and self-inhibition h, where h = 0 indicates no self-
inhibition (D), per condition of performance and experiment.
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ηp
2 = .58. Pairwise comparisons, t tests with df = 22 and Holm

correction, showed significantly larger transition values in as-
cending (M = 12.74, SD = 3.79) than in descending (M = 6.80,
SD = 2.54) sequences in tracking, p < .001, and significantly
lower transition values in ascending (M = 7.94, SD = 2.66) than
descending (M = 10.70, SD = 5.68) sequences in classifying, p
< .05. Ascending sequences switched earlier in classifying than
in tracking, p < .001, and, similarly, descending sequences
switched earlier in classifying than in tracking, p < .01.

Competition and self-inhibition parameters across
Experiments 1 and 2Three participants were excluded because
theymade accidental response clicks, complicating themodel-
based parameter estimation. As is shown in Fig. 3C, the com-
petition parameter g in Experiment 1 was larger in tracking (M
= 2.97, SD = 1.35) than in classifying (M = 1.24, SD = .25).
The pattern was the same in Experiment 2, with tracking (M =
1.81, SD = 1.34) being larger than classifying (M = 1.08, SD =
.26). A Bayesian repeated measures ANOVA showed strong
evidence for the effect of task in both experiments (BF = 30.08
and BF = 2938.86, respectively). A 2×2 mixed-design
ANOVA revealed a significant effect of task, F(1, 18) =
13.19, p < .01, ηp

2 = .42, and a significant effect of response
schedule, F(1, 18) = 5.38, p < .05, ηp

2 = .23. There was no
task-by-schedule interaction, F(1, 18) = 2.14, p = .16.

As is shown in Fig. 3D, the self-inhibition rate parameter h in
Experiment 1 was smaller in tracking (M = .004, SD = .007)
than in classifying (M = .058, SD = .090). The pattern was the
same in Experiment 2, with tracking (M = .002, SD = .006)
smaller than classifying (M = .142, SD = .088). A Bayesian
repeated measures ANOVA showed strong evidence for the
effect of task in both experiments (BF = 9.12 and BF = 20.75,
respectively). A 2×2 mixed-design ANOVA revealed a signifi-
cant effect of task, F(1, 18) = 22.00, p < .001, ηp

2 = .55, and no
effect of schedule, F(1, 18) = 4.42, p = .050. The task-by-
spacing interactionwas not significant,F(1, 18) = 4.30, p = .053.

Discussion

Experiment 2 reproduced the effect of the manipulation of
action relevance: Perceptual instabilities happened earlier in
classifying sequences, both ascending and descending.
Moreover, combining the power of Experiments 1 and 2 re-
vealed that the hysteresis in tracking was converted to early
switching (negative hysteresis) in classifying. Under the
boundary conditions of classifying, perceptual instabilities oc-
cur prematurely. Note, however, that early and late switching
do not correspond categorically to the two classes of percep-
tual tasks. Only reduction of hysteresis size but not negative
hysteresis was found in a judgment condition relative to a

Fig. 4 Frequencies of β observed per frame update rate in ascending
(filled triangles) and descending (open triangles) trials of tracking (A)
and classifying (B) in Experiment 1, and tracking (C) and classifying

(D) in Experiment 2. Sigmoidal fits are shown by solid and dashed
lines for descending and ascending trials, respectively.
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dynamical condition of performance (Hock, Bukowski,
Nichols, Huisman, & Rivera, 2005; Hock & Ploeger, 2006).

General discussion

The objective of the present study was to address the relative
(in)stability of perceptual modes as a function of their action
relevance, and to show that dynamic properties of visual ri-
valry phenomena and affordance competition are two mani-
festations of the same underlying process. An object affords
an activity for an agent on a given occasion if and only if the
object and the agent are mutually compatible on dimensions of
relevance to the activity (Petrusz & Turvey, 2010). Here we
manipulated dimension of relevance (or functional distance)
experimentally over and above compatibility in order to deter-
mine how it affects the dynamic stability of perception. We
designed an experiment on the basis of a gestalt-like rivalry
phenomena that typically has minimal relevance to body ac-
tivity but could be embedded in a perception–action task. The
usual method for such stimuli is the perceptual judgment task
in which participants observe the apparent motion for a few
seconds and then indicate symbolically, with words or but-
tons, the perceptual state. We tested if the dynamics of per-
ceptual transitions would change if apparent motion was
endowed with action relevance by linking the alternative per-
ceptual modes to competing tracking modes, in which partic-
ipants were engaged in perception–action rather than
reflecting on what they were seeing (Heft, 1993). This distin-
guishes our study from stimulus–response compatibility par-
adigms in which relevance and intention are kept the same but
the physical alignment between stimulus and action is altered.

Indeed, possibility for action was found to be a boundary
condition stabilizing a perceptual system supplied with an
otherwise unstable stimulus. Instability indicated by early
switching, also called negative hysteresis, was observed in
the perceptual judgment condition and greater stability, or
hysteresis, in the action selection condition. That we could
convert an unstable visual phenomenon to stable by embed-
ding it in a task involving coupled movement and real conse-
quences only goes half of the story. Importantly, the same
affordance transition model could account for both scenarios
because the estimated parameters were in agreement with the
theory. Stronger competition g was observed in the tracking
condition in which action selection was necessary, and only in
that condition did it exceed the value of one that implies no
competition. Conversely, self-inhibition h was higher in the
classification condition and it approached zero in tracking.

The affordance transition model states that dynamics be-
comes destabilized early, leading to negative hysteresis, if
there is intrinsic decay of perceptual modes and no competi-
tive, mutually inhibiting coupling. Alternatively, the percep-
tual modes remain stable for longer, leading to positive

hysteresis, if the decay rate is diminished and/or the competi-
tion between modes is stronger. This implies that visual phe-
nomena are unstable because they lack relevance to action and
fail to activate the top-down processes that would otherwise
break the symmetry at the lower level of visual processing;
absence of opportunities for action leads to loss of constraints
leads to unstable visual phenomena.

Converging evidence indicates that affordances prioritize
the pickup of relevant information by tuning the visual system
(Thomas, 2015). The reduction in hemodynamic response
with repeated presentations is reduced with 3-D objects that
afford manipulation as opposed to images that do not (Snow
et al., 2011). Similarly, passive exposure leads to contrast ad-
aptation in the activity of single cells in the visual cortex but
this is reversed with added behavioral context (Keller et al.,
2017). Eye action as a process of information pickup in coor-
dination with a rotating target is likely to be recruited differ-
ently with and without task constraints. The present study is
limited by the lack of eyetracking but future work could ad-
dress how the local subprocesses conform to the overall em-
bodied gestalt.

The embedded φ–β task is formally similar to an
affordance boundary setup for two reasons. First, the task
has conditions of satisfaction: tracking the target in an array
of identical objects can be successful or unsuccessful, contrary
to perceptual judgments of visual phenomena that cannot be
right or wrong. Second, two actions, or ways of focusing on
and following the moving objects, are afforded and this pos-
sibility is constrained by a parameter of the stimulus. This
setup also opens the opportunity to study how the control of
eye movements as search for information is recruited by the
different task constraints. Here we did not use eyetracking,
however, and only sought to test how the involvement of
purposeful action affects the transition times of perceptual
modes.

Why are neural dynamics unstable while perception–
action is stable?

Theoretical accounts of the perceptual response to a changing
environment have to explain how perceptual systems resolve
the conflict between stability and flexibility. In our everyday
dealing with the world we can fluently and without notice
switch among opportunities for action (Rietveld, 2008).
Arguably, transient neural dynamics play an adaptive role in
this context because they increase the capacity of the brain to
deal with complicated environments (Friston, 2000). A range
of proposed notions of self-destabilization converge on the
same fundamental principle of neural organization to account
for this flexibility (chaotic neural dynamics, Skarda &
Freeman, 1987; habituation, self-organized instability, and
autovitiation, Friston et al., 2012; Pastukhov et al., 2013).
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If the neural substrate of perceptual systems is a system
fraught with instabilities then what gives it the stability that
ensures reliable operation in our daily lives, why do we not
report spontaneous perceptual instabilities more often? The
theoretical model suggests that the dynamics of neural sys-
tems are intrinsically unstable but become stable when their
counterpart of mutual sensory and motor constraints is added.
In any realistically complex environment there is an abun-
dance of such constraints; hence, neural dynamics are typical-
ly to be found embedded in a stable perception and action loop
(Cisek, 2007; Cisek & Kalaska, 2010). Input from the envi-
ronment is to be understood as an enabling constraint in that it
restricts the dynamic regime of otherwise unstable neural ac-
tivity and hones it into a functional perception–action loop
(Anderson, 2015; Raja & Anderson, 2019).

Our approach to model building can be described as out–in
and constraint-driven. In particular, we seek to understand the
external constraints such as what information is available for a
given task, the layout of the task space, and the causal effects
of the participant’s actions in this task space. Alternatively, an
in–out approach would begin by listing the relevant mental
processes such as attention and action selection and their cor-
responding neural substrates. For instance, it might be possi-
ble to account for the present results with a model that links
action and attention to perceptual information by way of re-
sponse activation (Welsh, Weeks, Chua, & Goodman, 2009).
This accounts for competing perceptual categories in terms of
neural processes that race for activation dominance, where
action-based priming can give a head start to one process over
another. In fact, this comes close to the way the embodied
gestalt model operates (see Eq. B4).

The model proposed here has one important difference and
leads to different predictions about neural dynamics. In the
racing and other decision-making theories, the perceptual cat-
egories are incremental processes that grow positively from
zero to a threshold in the style of evidence accumulators
(Cisek & Kalaska, 2010). Yet, such models make no predic-
tions about the stability of perceptual categories. Here we
showed that a negative, self-inhibition process is also neces-
sary to account more fully for perceptual and action selection
dynamics. We also showed that factors such as availability for
action can change this dynamic, leading to inhibition of
inhibition. This implication is important when studying the
neural basis of diseases associated with altered dynamics, be
it excessively unstable (Bystritsky, Nierenberg, Feusner, &
Rabinovich, 2012; Lerner et al., 2012; Rabinovich,
Muezzinoglu, Strigo, & Bystritsky, 2010) or excessively sta-
ble (Tass et al., 2012). To give one example in which this
becomes relevant, schizophrenia is associated with reduced
affordance perception (Kim & Kim, 2017), unstable real-
world perception (Rolls, Loh, Deco, & Winterer, 2008) and,
paradoxically, unusually stable perception of apparent motion
(Frank & Dotov, 2016).

In conclusion, we have argued for a unification of theories
dealing with action selection and unstable visual phenomena.
The spontaneous switching of gestalt-like phenomena and late
switching in affordance selection are both seen as perceptual
transitions, but they are positioned at opposite ends of the
stability continuum, where stability is determined by the rela-
tive balance of competition and self-inhibition. In this sense,
gestalt figures are a special, impoverished case of the embod-
ied gestalts that constitute perception–action in natural envi-
ronments. Arguably, self-inhibition driven by the intrinsic in-
stability of neural dynamics explains visual instabilities and,
importantly, is a mechanism for functional flexibility. Here we
suggest that this principle from theoretical neuroscience can
be even more powerful if it is complemented by another prin-
ciple, that of externally specified opportunities for action.
External constraints from an environment rich with
affordances act as enabling constraints, because they break
symmetry and stabilize otherwise unstable internal dynamics.

Appendix A: Determining the upper limit
for β-tracking

Stroboscopic stimulation differs from so-called “real”
stimulation only in being discontinuous when the latter
is continuous. The relations of order are the same in
both. Gibson (1954, p. 307)

Object identity in the visual displays used in Experiments 1
and 2 is specified solely and fully by the apparent motion
events: occlusions inφ, and translations in β. Target tracking
in the latter case is constrained by the ability to detect an
opening in the array of objects. In a stroboscopic presentation,
this ability is limited by visual persistence. Visual persistence
for luminant dots has been estimated in the range between 40
and 120 ms, depending on the conditions of testing (di Lollo,
1977, 1980; Farrell, Putnam, & Shepard, 1984; Shioiri &
Cavanagh, 1992; Sperling, 1960; Warren, 1977). The upper
bound can be lower in nonideal circumstances (di Lollo, 1977,
1980). For this purpose, 50 ms was selected to be the maxi-
mum theoretical rate for β-tracking, converting the frame up-
date rate α into an ability-scaled control parameter α*.

Appendix B: Theoretical formalism

Embodied gestalts are macroscopic patterns of perception–
action defined over the microscopic dynamics of the brain,
body, and its environment (Warren, 2006). Formally, these
patterns are so-called order parameters, defined over the mi-
croscopic neural and bodily dynamics; transitions in percep-
tion or action selection are transitions between order parame-
ters (Haken, 1983, 1991, 1993). The affordance transition
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model shows that it is necessary to combine two forms of
dynamics to explain both hysteretic and early transition (neg-
ative hysteresis) behaviors in perception–action. The first is
the winner-takes-all, cross-inhibiting dynamic used to explain
neural competition and consistent with affordance competition
theory. The second is a so-called self-inhibition, or neural ad-
aptation term that posits that the amplitude of a mode in neural
dynamics has the tendency to decrease unless the mode is
functionally integrated. The winner-takes-all part is as follows.

ξ1
�
¼ λ1ξ1−gξ

2
2ξ1−ξ

3
1

ξ2
�
¼ λ2ξ2−gξ

2
1ξ2−ξ

3
2

ðB1Þ

This states that the order parameters (or modes) ξj tend to
grow to an asymptotic value and stability determined by λj,
while also being subject to cross-inhibition with strength g,
which is larger than unity (g > 1) for multistable systems
(Haken, 1991). There are two sets of stable fixed points, de-
pending on the parameters.

ξ1 ¼
ffiffiffiffiffi

λ1

p

; ξ2 ¼ 0 for λ1 > λ2=g
ξ2 ¼ 0; ξ2 ¼

ffiffiffiffiffi

λ2

p

for λ2 > λ1=g
ðB2Þ

Mode selection in Eqs. B1–B2 is biased by the stability
parameters λj, which are a mixture of intrinsic and extrinsic
constraints.

λ1 ¼ L1;0−α
λ2 ¼ L2;0 þ α

ðB3Þ

α is the control parameter and corresponds to the paramet-
ric manipulation of the environment such as frame rate in the
present study or step height in others. The constants Lj,0 de-
termine a baseline relative strength of the order parameters
with respect to a symmetric environmental input.
Incrementing α from zero to one causes the system to transi-
tion from ξ1–domination to ξ2–domination. Correspondingly,
decreasing α from one to zero causes the system to transition
from ξ1–domination to ξ2–domination. For example, body-
scaled size of an object takes the role of control parameter α
in grasping affordance studies (Lopresti-Goodman et al.,
2011, 2013).

The topological considerations portrayed in Fig. 5 imply
that a second layer of dynamics is needed to account for early
and spontaneous instabilities. This is the aforementioned sec-
ond, self-inhibiting dynamic. The two-tiered affordance tran-
sition model (Lopresti-Goodman et al., 2011, 2013) adds this
as a slower decay process (Ditzinger & Haken, 1989).
Therefore, λj, which are fixed parameters at the faster Tier 1
time scale of action selection, become dynamical variables at
the slower time scale of the sequence of trials.

λ1;nþ1 ¼ λ1;n−1=T λ1;n− L1;0−hu ξ1;n
� �

−αn
� �� �

λ2;nþ1 ¼ λ2;n−1=T λ2;n− L2;0−hu ξ2;n
� �þ αn

� �� � ðB4Þ

(In accordance with the discrete character of paradigms in
perceptual judgment and affordance transition, Eq. B4 is writ-
ten as a map instead of continuous dynamics.) The Heaviside
function u(ξ) = 1 when ξ > 0 and u(ξ) = 0 otherwise. Equation
B4 states that λj is a decaying variable that converges over
successive trials to some baseline value plus or minus the
control parameter. When the corresponding perceptual mode
is negligible (ξj ≈ 0), convergence is to Lj,0 ± α, whereas when
the mode is active (ξj > 0) convergence is to a lower value Lj,0
± α – h. The parameter h thus determines the rate of decay of
active modes and accounts for the spontaneous decay or ad-
aptation responsible for early switching. If h is zero then this
intrinsic habituation is stopped, which stands for inhibition of
inhibition. With the inclusion of the logical function u(ξ) the
Eqs. B1–B4 become a so-called hybrid system with continu-
ous dynamics and discrete switch variables. Such dynamics
might be a general feature of biological processes
(Domínguez-Hüttinger et al., 2017).

An important advantage of this framework is that it allows
analytical solutions for the parameters. Model-based parame-
ters are estimated from empirical data, namely the transition
points in a pair of ascending and descending sequences and
assuming L1,0 = 1 (Lopresti-Goodman et al., 2013). In partic-
ular, the relevant parameters are self-inhibition or decay,

h ¼ 1þ gð Þ f α
2g

; ðB5Þ

and cross-inhibition or competition,

g ¼ 2− αinc þ αdecð Þ þΔαþ f α
2− αinc þ αdecð Þ þΔα− f α

: ðB6Þ

They are calculated from the ascending and decreasing trial
transition points using

Δα ¼ αinc−αdec; ðB7Þ

f α ¼ log10 1þ B−Δα
� �

log10B
; ðB8Þ

L2;0 ¼ 1−αinc−αdec; ðB9Þ
and

B ¼ 109: ðB10Þ

The necessity for the multistable perception model Eq. B1
to be extended to Eq. B4 is proven by way of a topological
argument from the stability domains of early transitions (neg-
ative hysteresis) and late or normal transitions, schematized in
Fig. 5. The stability domain of two alternative perceptual
modes is inferred separately for ascending and descending
sequences and then superimposed. The topology found in or-
dinary hysteresis consists of two monostable domains in the
extreme ends of the parameter and a bistable domain between
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them (Fig. 5C). It follows that system history must be the
additional constraint that helps to determine the actualized
mode in the bistable domain. In the case of negative hystere-
sis, however, the topology cannot be resolved solely on the
basis of a control parameter and history because, as Fig. 5D
shows, the multistable part of the parameter space would con-
tain both modes in both stable and unstable regimes. How do
perceptual systems resolve the ambiguity apparent in Fig. 5D?
Mathematically, ambiguity can be thought of as a set of inter-
pretation functions. This is equivalent to a parameterized in-
terpretation function in which the parameter is not defined.
When defined, the parameter resolves the ambiguity. Hence,
an additional parameter is needed to account for the early
switching observed in certain conditions.
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