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Abstract:What determines what we see? In contrast to the traditional “modular” understanding of perception, according to which visual
processing is encapsulated from higher-level cognition, a tidal wave of recent research alleges that states such as beliefs, desires, emotions,
motivations, intentions, and linguistic representations exert direct, top-down influences on what we see. There is a growing consensus that
such effects are ubiquitous, and that the distinction between perception and cognition may itself be unsustainable. We argue otherwise:
None of these hundreds of studies – either individually or collectively – provides compelling evidence for true top-down effects on
perception, or “cognitive penetrability.” In particular, and despite their variety, we suggest that these studies all fall prey to only a
handful of pitfalls. And whereas abstract theoretical challenges have failed to resolve this debate in the past, our presentation of these
pitfalls is empirically anchored: In each case, we show not only how certain studies could be susceptible to the pitfall (in principle),
but also how several alleged top-down effects actually are explained by the pitfall (in practice). Moreover, these pitfalls are perfectly
general, with each applying to dozens of other top-down effects. We conclude by extracting the lessons provided by these pitfalls into
a checklist that future work could use to convincingly demonstrate top-down effects on visual perception. The discovery of
substantive top-down effects of cognition on perception would revolutionize our understanding of how the mind is organized; but
without addressing these pitfalls, no such empirical report will license such exciting conclusions.

1. Introduction

How does the mind work? Though this is, of course, the
central question posed by cognitive science, one of the
deepest insights of the last half-century is that the question
does not have a single answer: There is no one way the
mind works, because the mind is not one thing. Instead,
the mind has parts, and the different parts of the mind
operate in different ways: Seeing a color works differently
than planning a vacation, which works differently than
understanding a sentence, moving a limb, remembering a
fact, or feeling an emotion.

The challenge of understanding the natural world is to
capture generalizations – to “carve nature at its joints.”
Where are the joints of the mind? Easily, the most
natural and robust distinction between types of mental
processes is that between perception and cognition. This
distinction is woven so deeply into cognitive science as
to structure introductory courses and textbooks, differen-
tiate scholarly journals, and organize academic depart-
ments. It is also a distinction respected by common
sense: Anyone can appreciate the difference between,
on the one hand, seeing a red apple and, on the other
hand, thinking about, remembering, or desiring a red
apple. This difference is especially clear when perception

and cognition deliver conflicting evidence about the
world – as in most visual illusions. Indeed, there may be
no better way to truly feel the distinction between percep-
tion and cognition for yourself than to visually experience
the world in a way you know it not to be.
There is a deep sense in which we all know what per-

ception is because of our direct phenomenological
acquaintance with percepts – the colors, shapes, and
sizes (etc.) of the objects and surfaces that populate
our visual experiences. Just imagine looking at an
apple in a supermarket and appreciating its redness (as
opposed, say, to its price). That is perception. Or look
at Figure 1A and notice the difference in lightness
between the two gray rectangles. That is perception.
Throughout this paper, we refer to visual processing
simply as the mental activity that creates such sensations;
we refer to percepts as the experiences themselves, and
we use perception (and, less formally, seeing) to encom-
pass both (typically unconscious) visual processing and
the (conscious) percepts that result.

1.1. The new top-down challenge

Despite the explanatorily powerful and deeply intuitive
nature of the distinction between seeing and thinking, a
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Plan für diesen Vortrag

1)  Untersuchung visueller Entscheidungsprozesse mit 
einem Fokus auf feedforward Informationsverarbeitung. 
 

2)  Evidenz für eine Feedbackkomponente, selbst bei 
diesem auf feedforward Prozesse konzentrierten Ansatz. 
  

3)  Testen einer Hypothese zur funktionalen Rolle solchen 
Feedbacks.



William T. Newsome, Stanford

historisch: Ansatz dominiert von 
feedforward Perspektive z



Selektivität für Orientierung  
in der primären Sehrinde (V1)

MONKEY STRIATE CORTEX
showed little or no directional preference. Even when responses were highlyasymmetrical, the less effective direction of movement usually evokedsome minimal response (see Text-fig. 2), but there were a few examples inwhich the maintained activity was actually suppressed.Individual complex cells differed markedly in their relative responsive-ness to slits, edges, or dark bars. The majority responded very much betterto one than to the other two, but some reacted briskly to two of them, anda few to all three. For a cell that was sensitive to slits, but not to edges, the
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Text-fig. 2. Responses of a complex cell in right striate cortex (layer IV A) tovarious ori6ntations of a moving black bar. Receptive field in the left eye indicatedby the interrupted rectangles; it was approximately i x I' in size, and was situated40 below and to the left of the point offixation. Ocular-dominance group 4. Durationof each record, 2 sec. Background intensity 1-3 log10 cd/M2, dark bars 0.0 log cd/M2.

responses increased as slit width was increased up to some optimal value,and then they fell off sharply; the optimum width was always a smallfraction of the width of the whole field. For complex cells that respondedbest to edges, some reacted to one configuration and also to its mirror
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LINKING ATTENTION AND DECISION SIGNALS IN THE MACAQUE MID-
LEVEL VISUAL CORTEX 
VERBINDUNGEN ZWISCHEN AUFMERKSAMKEITS- UND 
ENTSCHEIDUNGSSIGNALEN IM MITTLEREN VISUELLEN KORTEX 
DES MAKAKEN 

1 STATE OF THE ART AND PRELIMINARY WORK 
True understanding of the brain mechanisms that support the mind’s extraordinary abilities to per-
ceive, to reason and to decide requires knowledge of neural processing from the levels of single 
neurons to the computations of neuronal networks (Churchland & Sejnowski 1988). Technological 
advances to record from populations of neurons within and across brain areas simultaneously 
promise exciting prospects towards achieving this goal. 

We will take advantage of these developments to examine how signals in neuronal populations in 
different visual areas are transformed in a context-dependent way and used by the brain to drive 
perceptual decisions.  

1a.  A theoretical framework of the neurobiology of perceptual decision-making 

Influential studies of perceptual decision-making relied on macaque monkeys performing visual 
discrimination tasks at psychophysical threshold. Simple perceptual tasks offer several advantages 
(e.g. a straightforward, rigorous parametrization and quantification of the neural and behavioural 
signals along the task-relevant dimension; a known optimal solution) and have therefore been 
widely used to identify principles of perceptual decision-making. A classical paradigm developed 
by Newsome and colleagues (Newsome et al. 1989) is the direction of motion discrimination task 
in random dot kinetograms. Analogous task paradigms have been used for other stimulus dimen-
sions, such as e.g. binocular disparity discrimination (Nienborg & Cumming 2006) or orientation 
discrimination (Nienborg & Cumming 2014). The parametrization of the stimulus and the task de-
sign for a typical discrimination task, adapted to the orientation domain, is summarized in Figure 
B5-1. 

 
Fig. B5-1. Typical stimulus parametrization and 
task design and for a discrimination task, exempli-
fied for orientation. A: The stimuli consist of orienta-
tion bandpass filtered dynamic noise (cf. Nienborg 
& Cumming, 2014), and example seeds of the stim-
ulus are depicted.  The two orientations to be dis-
criminated are 0 and 90 degrees (coarse discrimi-
nation). The strength of the orientation signal is ma-
nipulated by the orientation bandwidth and para-
metrized as % signal: 100% signal corresponds to a 
sine-wave grating and 0% signal to a broadband 
signal with equal power at all orientations. The 
graded signal strength allows for fine adjustments of 
the task difficulty. B: A typical example (analogous 

to Britten et al. 1996) of a fixed duration discrimination task, as frequently used for studies of perceptual de-
cision-making in macaques. 

B5 
NEW 

Nienborg & Cumming, J Neurosci (2014),
after Newsome et al., Nature (1989)

historisch: Ansatz dominiert von 
feedforward Perspektive z

Parametrisieren des visuellen Reizes für Orientierung:



Orientierungsdiskriminationsaufgabe:
Vertikal oder Horizontal?



Orientierungsdiskriminationsaufgabe:
Vertikal oder Horizontal?



Orientierungsdiskriminationsaufgabe:
Vertikal oder Horizontal?



Orientierungsdiskriminationsaufgabe:
Vertikal oder Horizontal?

0% Signal, korrekte Antwort ist nicht definiert



Wie liest das Gehirn diese 
sensorische Information aus? 

•  Einfach mitteln? 

•  Selektiv, z.B. die informativsten Neurone 
stärker berücksichtigen? 

•  die schnellsten Antworten stärker 
berücksichtigen?



Nienborg & Cumming (2014)
Signalstärke

Tier
Neuron

Diskriminationsfähigkeit:  
einzelnes Neuron vs Tier

historisch: Ansatz dominiert von 
feedforward Perspektive z
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Neuronale Aktivität  
korreliert mit der Entscheidung:

“Entscheidungssignal” 
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Nicht erklärt durch den visuellen Reiz.



Aber:  

Zunehmend Evidenz für eine Feedbackkomponente dieser 
Entscheidungssignale. 

Nienborg & Cumming, (2009)
Wimmer et al. (2015)
Bondy et al. (2018) 

historisch: Ansatz dominiert von 
feedforward Perspektive z



Plan für diesen Vortrag

1)  Untersuchung visueller Entscheidungsprozesse mit 
einem Fokus auf feedforward Informationsverarbeitung. 
 

2)  Evidenz für eine Feedbackkomponente, selbst bei 
diesem auf feedforward Prozesse konzentrierten Ansatz. 
  

3)  Testen einer Hypothese zur funktionalen Rolle solchen 
Feedbacks.
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300 µm 

Entscheidungssignale sind stärker in den 
feedback dominierten Schichten
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Maier et al. Laminar LFP domains in visual cortex

PREDOMINANCE OF GAMMA ACTIVITY IN UPPER LAYERS
Visual inspection of the raw LFP traces during each session (e.g., 
Figure 1) revealed that certain temporal features in the SOA were 
shared by only a subset of channels. Notably, there was a stripe 
of low amplitude, high-frequency activity superimposed on the 
signals in the more superficial channels. This can be seen clearly 
in Figure 2B, which shows the spectral analysis of a single session 
as a function of cortical depth. For reference, Figure 2A shows the 
CSD profile obtained from the flashing screen condition used for 
laminar alignment during the same session. In this example, there 
is an elevation of high-frequency LFP activity (roughly 30–100 Hz) 
in the G and deep SG layers, as established from the CSD profile.

This general pattern was observed across all sessions and V1 
sites in two monkeys (see Figure S3 in Supplementary Material 
for individual sessions). We quantified these spectral differences 
by calculating the PSD of the LFP for each of the three main 
laminar compartments. Figure 3A plots the PSD averaged across 
20 min with the monkeys at rest, on a session-by-session basis (see 
Materials and Methods). Each line represents the power spectrum 
of one session, color-coded for signal origin (red = SG; black = G; 
green = IG). For frequencies above 30 Hz, the infragranular LFP 
showed considerably lower power than the supragranular LFP (note 
the log scale). This pattern proved highly consistent across record-
ing sessions in both animals.

Based on the alignment of electrode contacts described above (see 
Figure S4 in Supplementary Material), data from individual sessions 
could thus be brought into correspondence, estimated to be within 
200 µm (see Figure S5 in Supplementary Material). This allowed us 
to compute the averaged laminar magnitude spectrum (Figure 3B) 
over all sessions. Figure 3C shows the resulting laminar profile of 
ongoing LFP power in the gamma (30–100 Hz) and sub-gamma 
(5–20 Hz) frequency ranges. In line with the pattern revealed by the 

and Methods). At the beginning of each session a linear multi-
contact electrode array (Figure 1) was inserted perpendicular to 
the cortical surface of V1 and advanced 2 mm with the monkey 
at rest. The LFP signal was recorded in parallel from 24 electrode 
contacts at equally spaced intervals (100 µm) spanning from the 
pia mater to the white matter. The pattern of CSD responses to 
a flashing stimulus (see Materials and Methods) collected at the 
beginning of each session was used post hoc to establish the spatial 
positions of individual electrode contacts relative to specific cortical 
laminae (see Figures S1A and S2 in Supplementary Material). To 
verify the stability of the electrode positioning, we also sometimes 
collected the CSD profile a second time, at the end of the ses-
sion (see Figure S5C in Supplementary Material). This method of 
anatomical registration is based on previous work in the primary 
visual cortex of monkeys employing a combination of CSD analysis, 
microlesions, and post mortem histology, which demonstrated that 
the initial current sink originates in layer 4C, possibly with its peak 
in layer 4C  (Mitzdorf and Singer, 1979; Schroeder et al., 1991). 
We thus took the initial sink as the primary point of alignment, 
and used this alignment as the basis for averaging data over many 
sessions. Specifically, we aligned each day’s data by centering the 
LFP traces of the 24 electrode contacts around the initial current 
sink (see Figure S2 in Supplementary Material). This created a 
new reference frame with its zero point located in the middle of 
layer 4. Then starting from the zero point we coarsely divided the 
cortex into supragranular (SG, layers 1–3), granular (G, layer 4), 
and infragranular (IG, layers 5 and 6) zones. The boundaries of 
these zones, defined as 250 µm (corresponding to an inclusion 
criterion of two channels above and below the one upon which we 
centered the data) are intended only as an approximate reference 
for the upper and lower bounds of layer 4 (although it did match 
the extent of the initial sink notably well; see Figure 2A).

FIGURE 1 | Schematic representation of laminar LFP recordings from a linear 
multicontact electrode array in the primary visual cortex. For illustrative 
purposes, the array is depicted overlying a Nissl-stained histological slice, with 
labels showing individual layers and the corresponding compartments (i.e., 
supragranular, granular, and infragranular) used in the study. On the right is a sample 

of extracellular LFP data collected in one experiment. Each trace corresponds to the 
voltage measured simultaneously as a function of time (see scale bar). In this 
example, the top contacts span an area reaching from outside the brain (top) to the 
white matter (bottom). Note the spatial non-uniformity of gamma frequency signals, 
superimposed on the signals, and restricted to the upper cortical layers.
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Plan für diesen Vortrag

1)  Untersuchung visueller Entscheidungsprozesse mit 
einem Fokus auf feedforward Informationsverarbeitung. 
 

2)  Evidenz für eine Feedbackkomponente, selbst bei 
diesem auf feedforward Prozesse konzentrierten Ansatz. 
  

3)  Testen einer Hypothese zur funktionalen Rolle solchen 
Feedbacks.



Was ist die Funktion solchen 
Feedbacks?

 
 

Es verschlechtert die sensorische 
Information!



Wo es hilft: visuelle Suche
•  Merkmalgerichtete  Aufmerksamkeit a
•  relevantes Vorwissen 
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Ist diese Funktion  
dieses Feedbacksignals verallgemeinerbar?
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 Test dieses Inferenzmodells

(merkmalsgerichted in einer 
Diskriminationsaufgabe)

Empirisches Vorwissen zu 
merkmalsgerichteter Aufmerksamkeit

Inferenzmodell 
(Wahrnehmungsentscheidung)

  zu testende Vorhersage 
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Bild 

Hypothese:  Feedback in einer Diskriminationsaufgabe und merkmals- 
               gerichtete Aufmerksamkeit nutzen denselben Mechanismus.



 Empirisches Vorwissen: 

Merkmalsgerichtete Aufmerksamkeit  
wirkt räumlich global

Quelle: Frank Tong
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Hypothese:  Feedback in einer Diskriminationsaufgabe und merkmals- 
               gerichtete Aufmerksamkeit nutzen denselben Mechanismus.
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Vorhersage:  Entscheidungssignale sollten auch räumlich global  

    vorkommen, d.h. auch für irrelevante visuelle Reize.
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Test der Vorhersage:   

 
 

Entscheidungssignale gibt es auch     
für irrelevante, ignorierte visuelle Reize.



Die Tiere ignorieren den irrelevanten 
Reiz erfolgreich: Verhalten

Quinn et al. (2018) 
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Entscheidungssignal auch für den 
ignorierten Reiz
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Ist diese Funktion  
dieses Feedbacksignals verallgemeinerbar?

Diese Ergebnisse sprechen dafür. 
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Zusammenfassung 

•  Entscheidungssignale in V2 sind stärker in Schichten, die 
v.a. Feedback bekommen.

•  Wir finden Entscheidungssignale in V2 und V3a für einen 
irrelevanten und ignorierten Reiz. 

•  Dies bestätigt eine Vorhersage des Inferenzmodells 
(unter der Annahme, dass das mit der Entscheidung 
verbundene Feedback neuronalen Mechanismen 
merkmalsgerichteter Aufmerksamkeit gleicht).



learning [41], task [42], and also on anesthetic state [43].
In an elegant study, Cohen and Newsome [42] required
monkeys to discriminate between the direction of
motion along two different axes (e.g. up-down or left-
right). They observed that the relevant motion axis
influenced the pattern of noise correlations in motion-
sensitive area MT. When the axis was such that the pair
of neurons supported the same decision, the noise cor-
relation was stronger than when the axis was such that

they supported different decisions. Thus, the noise-
correlations depended on the animal’s task. Using simu-
lations, the authors could explain this finding with a
component of feature selective attention that fluctuated
from trial to trial. This explanation is in accordance with
the idea of fluctuating belief states (Figure 2a). Suppose
that the animal has to discriminate between up and
down. Now the belief will fluctuate between the upward
and downward direction. These influences would induce
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Current Opinion in Neurobiology

The mental state of an animal can be characterized as a succession of belief states. (a) Sensory input is represented by sensory neurons and
influences the belief through feedforward pathways. Sensory neurons, in turn, receive feedback from neurons representing the animal’s belief
about the sensory stimulus. (b) Belief states can account for the influence of the animal’s choices on the activity of sensory neurons. Left, in an
orientation discrimination task, the monkey’s belief (e.g. its expectation about the stimulus or its decision about the stimulus) that the stimulus is
vertical enhances the activity of sensory neurons coding for vertical. These top-down influences may be related to shifts in feature-attention. Right,
in a curve-tracing task, the belief that one of the two curves is relevant causes enhanced activity for neurons that represent its contour elements.
These top-down effects are likely related to shifts of object-based attention.

( Figure 1 Legend Continued ) that was significantly larger than 0.5. For example, if neurons tuned to vertical were more active, the monkey was
more likely to choose the vertical orientation. Thus, V1 neurons carried signals related to the animal’s choice.Reproduced with permission from
[53!].

Current Opinion in Neurobiology 2015, 32:45–52 www.sciencedirect.com

Nienborg & Roelfsema (2015) 

Unsere Arbeitshypothese: 

Feedback vermittelt eine 
kontinuierlich aktualisierte Annahme



Warum ist Feedback wichtig?

•  Es kommt überall vor im Gehirn. 

•  Die funktionale Rolle stellt seit langem ein Rätsel dar. 

•  Es spielt eine Rolle in psychiatrischen Erkrankungen, z.B. 
Schizophrenie (z.B. Gold et al. 2007). 

•  Fundamental für unser Verständnis biologischer 
Hirnfunktionen.
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