Correlates of Perceptive Instabilities
in Event-Related Potentials

Jiirgen Kornmeier!?, Michael Bach!, Harald Atmanspacher??

1 Department of Ophtalmology, University of Freiburg,
Killianstr. 5, 79106 Freiburg, Germany

2 Institut fiir Grenzgebiete der Psychologie und Psychohygiene
Wilhelmstr. 3a, 79098 Freiburg, Germany

3 Max-Planck-Institut fiir extraterrestrische Physik
85740 Garching, Germany

Abstract

The study of instabilities in perception has attracted much interest in
recent decades. The presented investigations focus on electrophysiological
correlates of orientation reversals of both ambiguous visual stimuli and alter-
nating non-ambiguous stimuli, representing the two options of the ambiguous
version. Based on a refined experimental setup, significant features in the
event-related potentials associated with the perception of orientation rever-
sal were found in both cases. Their occipital location, their early occurence
(200-250 ms), and their latency difference (50 ms) offer interesting perspec-
tives for an understanding of unstable brain states in terms of basic concepts
of dynamical systems.



1 Introduction

The perception of ambiguous visual stimuli is a prominent topic of modern re-
search in cognitive science and neurophysiology [Kruse and Stadler 1995]. One of
the elementary examples is a two-dimensional image of a three-dimensional cube.
Looking at a corresponding stimulus (see Fig. 1a), the Swiss geologist Necker [1832]
first discovered that the front-back orientation of the cube switches spontaneously.
Since then, numerous other stimuli have been studied generating the same basic
phenomenon. Due to its simplicity and, in comparison with other stimuli, fairly
low semantic content, the Necker cube remains one of the most popular objects for
investigation.

There are two basically different approaches to study the perception of ambigu-
ous stimuli. The first one refers to the behavioral response to a stimulus which is
(assumed to be) based on psychological (mental) processes. Measuring the frequency
of reversals is a typical example. The second perspective is to look for neural corre-
lates of psychological processes triggered by stimuli, using either electrophysiological
tools or, more recently, imaging techniques.

Within the first perspective, it has been found that the perception of ambiguous
stimuli presents two fairly invariant patterns. There is a generally preferred initial
percept (lower face in front for the Necker cube [Keeler et al. 1929], [Frederiksen
et al. 1934]), and for each individual subject there is a remarkably stable rate of
reversals ranging between about 3 and 30 switches per minute for different subjects
[Brown 1955], [Orbach et al. 1963]. The duration after which the stimulus orientation
spontaneously reverses was found to be gamma-distributed [DeMarco et al. 1977],
[Borsellino et al. 1982].

It is tempting to model the corresponding behavior in terms of stability properties
of dynamical systems. First attempts in this direction were proposed by Freeman in
the 1970s [Skarda & Freeman 1987]; see also [Nicolis 1986] and [Haken 1996]. The
core idea is to interpret mental representations as more or less stable attractors (in
a state space which is not yet precisely defined) and states encoding the sensory
information about the stimuli as initial conditions for the system considered. In a
“toy model”, the representation itself can be given as a (concave) potential V' whose
minimum is a (stable) critical point for the dynamics of the state ¢ of the perceptual
system. Physiologically, the form of the potential reflects the connectivity matrix
characterizing the relevant neural assemblies. If the state of the perceptual system
is located within such a potential, the assemblies are “activated” and the percept is
(consciously) perceived.

The steepness of the potential [grad V| in such a toy model illustrates the sta-
bility of the representation. In shallow potentials the state of the system can escape
more easily and, thus, more quickly than from steep potentials. Correspondingly,
small (high) reversal frequencies can be related to more (less) stable representations
and vice versa.

This kind of modeling is not restricted to discrete mental representations between



which the state of the perceptual system were to be conceived to jump discontin-
uously. Rather, it allows for continuous trajectories through subsets of the state
space with locally different stability properties. Since moving from one stable rep-
resentation to another one is equivalent with moving from a concave potential to
another concave potential, this move must pass an unstable domain (e.g. unstable
fix point) with a (locally) convex potential.

The American psychologist and philosopher William James has clearly envisaged
such a scenario more than a century ago, discussing the “stream of thought” in his
Principles of Psychology [James 1950]. Some extended relevant quotations are put
together in the appendix. James recognized that we are usually aware only of the
“substantive”, stable parts of the stream of thought. The “transitive” parts escape
our awareness, and “the failure to register them” has led to an “undue emphasizing
of the more substantive parts of the stream”.

Statements like this are a thrilling challenge for cognitive science as well as
neuroscience. How can one be introspectively aware of an unstable mental state if the
stability of a mental state is considered as a condition for introspective awareness?
And even if this condition would be relaxed: What could be perceived at all if
the mental state (of awareness) is located neither in one nor in the other attractor
representing the two possibilities to perceive an ambiguous stimulus? Apart from
such questions, it has also been unknown for long whether such an unstable state,
even if it were “perceptively empty”, might have an observable neural correlate.

O’Donnell and collaborators were the first to explore this issue electrophysiologi-
cally with the Necker cube as a stimulus [O’Donnell et al. 1988]. They found a P300
component in the corresponding event-related potential (ERP), which is obtained
as an average over many individual EEG sweeps recorded for the same stimulus.
This component was maximal at electrode position Fz, standardly interpreted as an
indicator of cognitive, attentional processes. O’Donnell conjectured that cognitive
(“top-down”) mechanisms are responsible for the orientation reversal. They found
no early ERP components which could alternatively indicate the satiation and re-
covery of neural assemblies as a possible (“bottom-up”) mechanism more directly
related to the processing of visual information.

Similar interpretations were given by Basar-Eroglu and collaborators for P300
related features with high parietal amplitudes [Basar-Eroglu et al. 1993]. In addition,
the groups of Elbert [Keil et al. 1999] and of Basar-Eroglu [Striiber et al. 2001]
reported enhanced frontal gamma-band activity (40 Hz) during the perception of
orientation reversals of a Necker cube. Needless to say that such responses are
very general features for attentional processes, and not at all specific for orientation
reversal of ambiguous stimuli.

Other observations were made by fMRI studies in which a transient enhanced
activity was observed in higher areas of the visual cortex [Kleinschmidt et al. 1998].
Strongly modulating cells in V4 and V5 were obtained in single cell experiments
concerning perceptual reversal in binocular rivalry [Logothetis et al. 1995].

After all, the crucial question for an ERP correlate specific for the orientation



reversal of ambiguous stimuli remains unresolved. An essential aspect of this ques-
tion concerns the contributions of apparently opposing “top-down” and “bottom-
up” components in the endogeneous processing of ambiguous stimuli. To explore
this aspect, it would be helpful to compare this kind of processing with features
corresponding to orientation reversals that are exogeneously induced by suitable al-
ternating non-ambiguous stimuli. In the latter case, the contribution of cognitive
tasks should be reduced as compared to the endogeneous processing of ambiguous
stimuli. If neural correlates more specific for the two situations than late positivities
(P300) or gamma activity (40 Hz) could be detected, differences between them and
their spatial locations could offer interesting interpretational options.

2 Experimental Details

2.1 Modifications

In order to detect novel early ERP signatures related to the perception of ambiguous
stimuli, the experimental setup used so far had to be refined. As a constant feature of
earlier experiments, the individual EEG sweeps used for averaging were synchronized
backward. Whenever subjects perceived an orientation reversal they had to press
a button, and the instant at which this happened determined the time reference
required for the averaging procedure. Clearly, this can lead to the obliteration of
faint signatures due to scattered reaction times.

This possibility was assessed using non-ambiguous, exogeneously reversed ver-
sions of the two alternative orientations of the Necker cube (Fig. 1b). The reversal
rate was fixed at 16/min, the average reversal rate according to Orbach et al. [1963].
Five subjects had to press a button whenever they perceived cube reversal. The
median reaction time was 616 ms with a 50-percentile ranging from 530 ms to 733
ms. As Fig. 2a shows, there was a distinct ERP signature (recorded at Oz), if the
EEGs were forward averaged with respect to the instant of stimulus reversal. For
backward averaging with respect to the instant of button press, Fig. 2b shows that
this signature is almost entirely obliterated.

As a consequence, the experiment was designed in a way that enables averaging
with respect to stimulus onset. This was realized based on results by Orbach et
al. [1963], [1966], who showed that presenting a Necker cube after a blank interval
typically induces orientation reversal right at the instant of stimulus onset. Thus, the
experiment was carried out with an alternating sequence of blank intervals (400 ms)
and stimulus intervals (800 ms), and the stimulus onset was used as time reference.

A second modification of earlier setups was inspired by ancillary experiments
suggesting larger ERP amplitudes if several Necker cubes are combined into a Necker
lattice (cf. Fig. 3). For the experiment, non-ambiguous lattices were constructed
as forced-reversal reference templates for the spontaneous endogeneous orientation
reversal of the Necker lattice.



A third major difference as compared to other studies concerns the construc-
tion of a proper “experimental null hypothesis”. To assess whether there is an
early ERP signature specifically related to the endogeneous processing of an am-
biguous stimulus, a proper reference ERP is needed for comparison with the ERP
corresponding to endogeneous orientation reversals. As such a reference, the two
different orientations of the Necker lattice (with depth cues as in Fig. 3) were used
as individual non-ambiguous stimuli. Reversing them can be considered as an ex-
ogeneous, forced-reversal analogue of the endogeneous, spontaneous reversal of an
ambiguous stimulus. Comparing ERPs related to endogeneous versus exogeneous
reversals, one can hope to detect differences between them indicating signatures
specific for endogeneous reversals.

2.2 Performance

The experiment was performed with 16 subjects aged between 20 and 31 years with
normal or corrected to normal visual acuity. All subjects gave informed written
consent to participate in the experiment and were naive with respect to the ex-
perimental question. The studies were carried out in accordance with the ethical
standards of the World Medical Association [2000].

EEGs were recorded from nine gold-cup scalp electrodes at Oz, P3, P4, Pz, C3,
C4, Cz, Fz, and Fpz, referenced to linked ears, according to the guidelines of the
American Encephalographic Society [1994]. Vertical EOG electrodes detected eye
blinks. Signals were amplified and filtered (first-order band-pass 0.33-70 Hz) and
digitized with a resolution of 14 bits at a sampling rate of 500 Hz. Signals were
streamed to disk and averaged on-line [Dawson 1954]. Off-line analysis included
artefact rejection if the amplitude exceeded 100 1V, condition-specific averaging,
and phase-preserving filtering with a low-pass of 30 Hz.

The subjects were exposed to (A) non-ambiguous and (B) ambiguous stimuli as
described above. For each type of stimulus, ERPs were recorded for («) presenta-
tion intervals without reversal and ((3) presentation intervals with reversal. Stimuli
were generated with a MacIntosh G4 computer and presented on a Philips GD402
monochrome monitor with a framerate of 85 Hz at a viewing distance of 114 cm
under a viewing angle of 7.5% x 7.5°. Successive stimuli were randomly jittered by
small rotations in 3-D space over +12° in both elevation and azimuth to avoid af-
terimages and trivial local cues. A small cross in the center of the screen served as
fixation target.

For each subject ERPs were recorded for all four conditions (A«a), (AS), (Ba),
and (Bf) in two blocks for (A) type and (B) type conditions. Figure 3 illustrates
the corresponding sequences of stimulus interval (800 ms) and blank interval (400
ms). The non-ambiguous lattices were reversed randomly in 50% of the trials. The
subjects had to press a button in the blank interval after stimulus offset in order to
indicate reversal or non-reversal, whenever the prescribed condition was perceived in
the preceding presentation interval. This interval was subsequently used for analysis.



In condition (AfJ), non-ambiguous stimuli with exogeneous reversal, subjects
reported 95% of all reversals correctly, indicating a strong salience of the depth
cues. In condition (Bf3), ambiguous stimuli with endogeneous reversal, all subjects
reported perception of reversals only at stimulus onset, never during the presentation
interval. Obviously, endogeneous reversal events were successfully synchronized with
respect to stimulus onset.

The overall experimental setup uses onset/offset presentations rather than con-
tinuous presentations. This might be interpreted in terms of reaching the new
perception rather than leaving the old one, thus not representing the full rever-
sal process. Evidence against this interpretation derives from the observation of a
smooth change of reversal rates as a function of on- versus off-times, leading from
onset /offset presentation to continuous presentation [Orbach et al. 1963, 1966]. If on-
set/offset presentation would merely stimulate reaching new perceptions, no change
in reversal rate would be expected.

2.3 Results

ERP responses for all four stimulus conditions are represented in Fig. 4.

ERP responses to non-ambiguous stimuli show no distinct differences between no
reversal (Aa) and reversal (A3). The two (grand mean) curves are almost identical
up to 100 ms, where a negative peak is located. Then they start to deviate from
each other, reaching a positive peak at about 200 ms and later, at about 250 ms,
another negative peak. At ¢ > 300 ms, standard late ERP features are observed
(Fig. 4a).

The difference trace (Af)—(Aa) reveals a pronounced “reversal negativity” (p <
0.001, F} 15 = 24.7) with a maximum at 200 ms after stimulus onset (Fig. 4b). Com-
parison across electrodes shows that this negativity is most significant at occipital
and parietal locations and vanishes at central and frontal locations (see Fig. 4c)

ERP responses to Necker lattice stimuli are generally similar to those observed for
non-ambiguous stimuli (Fig. 4a). The minima and maxima of the difference trace
(Ba)—(Bp) appear to be somewhat less pronounced than for the non-ambiguous
stimuli. In particular, this applies to later positivities around 350 ms indicating
secondary processing rather than events more directly related to reversal.

Fig. 4b shows a Necker reversal negativity (p < 0.01, F} ;5 = 12.05) peaking at
250 ms after stimulus onset. Its shape resembles the reversal negativity for non-
ambiguous stimuli, but it is delayed by 50 ms. The scalp distribution displays
significant features at occipital and parietal locations and no significant features at
central and frontal locations (Fig. 4c).

Comparing Fig. 4c left and right shows further differences in later positivities
which are more prominent for exogeneous reversals. While earlier components of
cortical activity are associated with the perception of reversals directly, later com-
ponents are considered to correlate with secondary processes.



3 Interpretation

In comparison to earlier ERP investigatons of ambiguous stimuli, the modified syn-
chronisation for the averaging of single EEG sweeps described in Sec. 2.1 provided a
decisively better time resolution. Due to this improvement, it was possible to detect
an early ERP correlate at about 250 ms after stimulus onset for the processes related
to endogeneous orientation reversal for the Necker lattice as an ambiguous stimulus.
By contrast, exogeneous reversal of two non-ambiguous stimuli representing the two
orientations of the Necker lattice led to an early ERP component at about 200 ms
after stimulus onset. Both signatures feature as significant negativities with similar
amplitudes and scalp distribution, but with a latency difference of about 50 ms.

In the interpretational framework of dynamical systems sketched in Sec. 1 (cf. also
Atmanspacher [1992]), the two different orientations of the stimuli are represented
in terms of a double minimum potential V' (two attractors), and the state ¢ of the
perceptual system moves within this potential according to its shape. It is assumed
that the potential itself is not fixed but can change its shape as a function of partic-
ular (experimental) boundary conditions. This is to say that two types of dynamics
are to be considered, that of the potential (V' = V(¢)) and that of the state of the
system (¢ = ¢(t)) according to the potential.

In such a picture, the observed reversal negativities reflect the switch of the
state ¢ of the system from one minimum of V' to the other, thus activating the
corresponding representation. For the case of non-ambiguous stimuli, the appropri-
ate attractor is activated non-ambiguously since the initial condition for the state
dynamics, representing the stimulus, is located in the basin of attraction belong-
ing to the corresponding potential minimum. Conversely, the ambiguous situation
is characterized by an initial condition for the state dynamics which is “neutral”
with respect to an almost symmetrical double minimum potential, so that the two
attractors can be activated with almost equal probability. (In fact, there is a small
initial asymmetry favoring one of the two orientations, i.e. lower face in front for the
Necker lattice.)

Comparing the almost symmetrical potential situation for ambiguous stimuli
with the asymmetrical situation for non-ambiguous stimuli, it is plausible that the
state ¢ of the system relaxes to the appropriate minimum differently fast. Even if
the minima corresponding to the two different situations would have an identical
shape, an initial condition close to a minimum relaxes faster than an initial condition
far away from a minimum. The different latencies of the two reversal negativities
might, thus, be explainable as a consequence of different initial conditions for the
different situations. The activation of one of the orientations in the ambiguous case
takes longer than the corresponding activation in the non-ambiguous case.

In addition to this (tentative) interpretation, referring predominantly to the
dynamics of ¢ starting from one stimulus, an additional dynamics is needed for
the ongoing spontaneous switching process with respect to the ambiguous stimulus.
Such a dynamics must be more subtle than the simple mapping of an initial stimulus



onto an attractor and could be conceived in terms of changes of the potential, V =
V' (t). Whenever the state ¢ is located in one minimum, this minimum destabilizes
due to satiation effects until it is so shallow that small fluctuations suffice to let the
state escape and relax into the other minimum. (Another possibility to model such
noise-induced transitions is based on stochastic resonance [Riani and Simonotto
1994].) It is tempting to estimate the time scale of this process at the order of
some seconds, similar to other low-level perceptual adaptation processes like motion
adaptation. Due to the dynamics of V'(¢) in addition to ¢(t), the expected latency
in this scenario should be longer than in case of non-ambiguous stimuli, and the
reversal times should essentially depend on the speed of satiation (or adaptation).

Are the observed reversal negativities definite indicators of the unstable domain
which ¢ must pass when switching from one to the other representation? Although
the reported results and their interpretation are more specific to orientation reversal
than earlier P300 or 40Hz observations, this question cannot be ultimately decided
yet. The process of orientation reversal most probably needs short-term dynamical
changes in the potential in addition to a state dynamics to be accounted for properly.
If this is the case, reversal negativities would be co-caused by higher order processes
of cognitive origin in addition to direct, early processes in the primary visual cortex.

This interpretation indicates that the whole framework also provides room for,
and even requires, “top-down” elements beyond pure “bottom-up” elements. Pre-
requisite conditions in the neural assembly (e.g. appropriate weights of synaptic
connectivity) must be established to form attractors before these can be activated
as perceived representations. It is suggested to ascribe corresponding modulatory
influences, e.g. intentional shifts or learning processes in general (i.e. the generation
of representations) to the long-term dynamics of V' = V(¢). In this way, the sketched
interpretational framework as a whole appears to be promising for an understand-
ing of bi- or multistable perception integrating both “bottom-up” and “top-down”
perspectives.

Further experiments are needed to clarify more details in these regards. For
instance, further investigations of the reversal frequency as a function of blank and
presentation intervals might be instructive to explore the switching dynamics cor-
responding to orientation reversal. In addition, frequency analyses of the ERPs
(cf. Isoglu-Alkac et al. [1998]) might be particularly valuable with respect to ap-
proaches based on superpositions of frequencies related to different neural assemblies
[Basar 1999]. For instance, results by Klimesch et al. [2002] on the P1-N1 complex
would be consistent with our observations (Fig. 4a).

4 Perspectives
Let us finally indicate an interesting ramification of the reported results with respect

to philosophical discussion. As has often been emphasized, research on perception,
and perceptive illusions in particular, has impressively demonstrated that higher



order “censor” functions can strongly influence the perception of stimuli in a top-
down manner. A well-known example is binocular depth inversion with stimuli
such as masks, which are almost always perceived as faces (i.e. nose to front), no
matter whether they are presented this way or, conversely, as hollow masks (nose
to back). For a most recent application of corresponding ideas in schizophrenia
research see Schneider et al. [2002]. Preferences for the perception of ambiguous
stimuli as mentioned in Sec. 1 can be understood in the same manner.

Such an endogeneous “constructivist” component of perception has to be seen as
complementing the naive “realist” (sensualist) component assuming that perception
always refers to exogeneously existing events. The results described in this paper
show that there can be empirically accessible differences between the perception of
endogeneously and exogeneously induced orientation reversals, where the exogeneous
scenario is designed to simulate the alternative representations of the endogeneous
scenario externally. Although “constructivist” and “realist” elements are present in
both scenarios, their influence (or weight) differs insofar as the ambiguous situation
triggers more top-down processing than the non-ambiguous one.

Of course, the fact that there are such differences in the described paradigm must
not be taken as a universal discriminator for constructivist versus realist approaches.
However, it demonstrates the possibility to draw such distinctions based on the
investigation of neural correlates of perception.



Appendix:
William James on Unstable Mental States

In chapter IX of volume I of his Principles of Psychology, William James emphasized
that, in addition to stable mental representations, it is essential to consider transient,
unstable states between them. Stable and unstable states are distinguished by their
different speeds of change [James 1950, p. 243]:

When the rate [of change of a subjective state] is slow we are aware
of the object of our thought in a comparatively restful and stable way.
When rapid, we are aware of a passage, a relation, a transition from it,
or between it and something else. ... Let us call the resting-places the
“substantive parts”, and the places of flight the “transitive parts”, of the
stream of thought. It then appears that the main end of our thinking is
at all times the attainment of some other substantive part than the one
from which we have just been dislodged. And we may say that the main
use of the transitive parts is to lead us from one substantive conclusion
to another.

Later in the same chapter, James emphasizes some problems of investigating the
less stable parts of the stream of consciousness [James 1950, p. 243f]:

Now it is very difficult, introspectively, to see the transitive parts for what
they really are. If they are but flights to a conclusion, stopping them to
look at them before the conclusion is reached is really annihilating them.
Whilst if we wait till the conclusion be reached, it so exceeds them in
vigor and stability that it quite eclipses and swallows them up in its glare.
Let anyone try to cut a thought across in the middle and get a look at
its section, and he will see how difficult the introspective observation of
the transitive tracts is. ... The results of this introspective difficulty
are baleful. If to hold fast and observe the transitive parts of thought’s
stream be so hard, then the great blunder to which all schools are liable
must be the failure to register them, and the undue emphasizing of the
more substantive parts of the stream.
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Figure 1: (a) The Necker cube, a two-dimensional projection of a three-dimensional

cube structure, as an ambiguous visual stimulus. (b) Modified Necker cube with depth
cues removing the ambiguity of the Necker cube, so that two different, nonambiguous

stimuli are perceived.
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