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The Muller-Lyer illusion !!




s it about depth perception?
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The “Carpentered
world hypothesis”
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The “Carpentered
world hypothesis”







The Ebbinghaus illusion !!
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Speaking of the moon....






Let's talk about illusions
you've not seen before.



Which two dots are farther apart?




Object-based warping









The one-is-more illusion
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ARTICLE INFO ABSTRACT

Ky ‘W distinguish betwesn discrete objects and continuows sntities in categorization and languags, but might we

Spatial pesception actually see such stimuli differently? Here we report the one is. mare flusion, wherein ‘shjecthood’ changes what

:;xpﬂwm we perceive in an unexpected way. Across many variations and tsks, cbservers perceived a single continusous
mentution

obiest (e.g. 2 rectangle) as longer than. an squated set of mulsiple disrets objects (e.g. two shortes mectangles
separated by a gap). This ilhsion is ph ally fly reliable, and it extends be-
yord space, to Hme:  singbe continuots tone s percelved io last langer than an equated set of multiple discrete
tanes. Previcus wark has b d the fmps aof abjecthood for processes ssch as attention and visual
working memary, but these resulis sypically require careful analyses of subtle effects. in contrast, we pravide
serik £ B ved hood changes the of cther properties in & way that
yous cam readily see (and heart) with your own eyes (and sarst]).
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1. Introduction been visual working memory and attention — and in both of these
areas, this distinction has been central. The underlying units of visual

One of the most and pervasi incognitive  working memary, for example, have been characterized as both discrete
science is that between the continuous and the discrete. Indeed, one of  (limited by the number of 'slots’ ing to encoded abjects,
the key insights of the cogniti ion was that intelligent behavior  regardless of their features; e.g. Luck & Vogel, 1997) and as continuous

could be explained in part by appeal w discrete symbolic representa.
tions, even when the neural implementations of those discrete symbls
might themselves be continuows (for seminal reviews sse Newell, 1980;
Pylyshyn, 1984). In cognith 5y, this disti has inspired
spirited debate about the mecham:m: af leaming — where continuous,
gradual processes [such ag long-term potentiation) are contrasted with
approaches that rely on storing and updating the values of discrete

(limites! by the overall amount of encoded information, regardless of
how that information is distributed among objects; eg. Alvarez &
Cavanagh, 2004), and this remaing an area of active debate (for a re-
view, see Suchow, Fougnie, Brady, & Alvares, 2014). And visual se-
lective attention has similarly been chamcterized as both continuous
(uperating akin to a spotlight that selects undifferentiated spatial re-
gioms of the visusl field; for a review, see Cave & Bichot, 1999) and

variables {eg. Gallistel, 2000). And in ¥
language researchers have sought to understand how the child’s mind
turns a continuous stream of syllables into representations of discrete
words (e.g. Saffran, Aslin, & Newpore, 1996,

Perhaps nowhers, though, has the digtinction between the con-
tinuous and the discrete hz\ more salie cognitive science than in
the study of percepti this distinction is drawn explicitly,
for example s acking about the temporal resolution of perception
(e.g VanRuollen & Koch, 2003; see abken Asplund, Fougnie, Zughni,
Martin, & sis, 2014). In other cases, the dstinction is just as fun-
damental, but more implicit. For example, arguably the twe most active
areas in the study of visual cognition over the past two decades have

discrete and shifting among individual objects rather than
spatial regions; for a review, see Scholl, 2001,

One seemingly awkward aspect of these various theories, however,
is that despite being theories of perception (and thus of seeing), the
relevant effects cannot typically be seen. Instead, these effects (eg.
‘same-object-advantages” in chject-based attention; e.g. Egly, Driver, &
1994) are often relatively small, and only come out in the sta-
tistical wash. As such, the present experiments asked (for the first time,
tn our knewledge): does this sort of ‘objecthood’, beyord influendng
attention and memaory, alss affect what we see in the first place?

* Corresponding authors at: Deparcment of Psychology, Yale Undversicy, Box 208205, New Haven, CT 06520-8205, USA.
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Time peresplion. we perceive in an unexpected way. Across many variations and tsks, cbservers perceived a single continusous

Segrentiiin bject (=g a rectangle) as loager than an aquated set of multiple discrete ohjects (e.g. two shorter rectangles

ajn-humd samien separated by a gap). This ilusion is reliable, and it extends be-
yood space, to time: a single tene o than 4 uliiple d
tanes. Previcus wark has the far processes such as attention and visual

working memary, but these results typically require careful analyses of subtle effects. In contrast, we pravide

¥ bow

h of aier propertics in a way that

striking perceived changes
yous can readily see (and heart) with your own eyes (and sarst).

1. Introduction

Ome of the most and i istincti il
science i that bebween the contimuous and the discrete. Indeed, one of
the key insights of the cogniti iom was that intedligent behavior

been visual working memary and attention — and in both of these
arcas, this distinction has been central. The underlying units of visual
warking memary, for example, have been characterized a5 both discrete
(limited by the number of ‘slobs’ corresponding to encoded abjects,

could be explained in part by appeal o discrete symbolic representa-
tions, even when the neural implementations of thase discrete symbols
might themselves be continuous (for seminal reviews see Newell, 1980;

their features; e.g. Luck & Vogel, 1997) and as continuaus
(limites! by the overall amount of encoded information, regardless of
how that information is distributed among objects; eg. Alvarez &
Cavanagh, 2004), and this remaing an area of active debate (for a re-
view, see Suchow, Fougnie, Brady, & Alvares, 2014). And visual se-
lective attention has similarly been chamcterized as both continuous

ing akin to a spotlight that selects undifferentiated spatial re-

Pylyshyn, 1984). In cognith this haxs imspired
spirited the isms of learning — i
gradual processes (such as long. iation) are with
approaches that rely on storing and updating the values of diserete
variables {eg. Gallistel, 2000). And in P

gions of the visual feld; for a review, see Cave & Bichot, 1999) and

logy,
language rescarchers hivee sought to understand how the child's mind
turns a continuous stream of syllables into representations of discreie
wards (eg. Saffran, Aslin, & Newpart, 1996).

Perhaps nowhers, though, has the distinction between the con-
tinuous and the discrete bren mare salient in cognitive science than in
the study of ] imes this distinction is drawn explicitly,
for example when asking about the temporal resolution of perception
(e.g VanRullen & Koch, 2003 see abe Asplund, Pougnie, Zughni,
Martin, & Marois, 2014). In ather cases, the distinction is just s fun-
damental, bt more implicit. For example, arguably the two most active
areas in the study of visual cognition over the past two decades have

e amthors at: D

discrete ing and shifting among individual abjects rather than
spatial regions; far a review, see Scholl, 2001).

One seemingly awkward aspect of these various theories, however,
is that despite being theories of perception (and thus of seeing), the
relevant effects cannot typically be seen. Instead, these sffects (g
‘same-object-advantages’ in ohject based attention; e.g. Egly, Driver, &
Rafal, 1994) are often redatively small, and only come out in the sta-
tistical wash. As such, the present experiments asked (for the first time,
1o our knowledge): doss this sort of ‘objecthood’, beyond influendng
attention and memaory, alss affect what we see in the first place?
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Fig. 2. Depiction of the four shape contrasts tested in Experiments la and 1b. In
each case, the entities in each row are equally wide.
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1994) are often relatively small, and only come out in the sa-
tistical wash. As such, the present experiments asked (for the first time,
1o our knowledge): doss this sort of ‘objecthood’, beyond influendng
attention and memaory, alss affect what we see in the first place?

* Corresponding authors at: Department of Pychology, Yale University, Box 208205, New Haven, CT 06520-8205, USA.

E:mmi addresses: =

u (8.4, Schall).

Rereived JBAan 2018; Received in revised Snrm 5 October 5018; Accepied 5 Ocioher 3018
Available anline 22 Janwary 2019
OU10.02777 £ 3018 Elsevier BV, All rights reserved.




lllusions of are more
common than you think..






The left page is larger than the right page, by how much?












The left page is twice as large as the right page..



..or is it?



“A potential explanation might be the general incapability of accurately
comparing more than one geometrical dimension at once — in everyday
life, we solve this perceptual-cognitive bottleneck by reducing the ’ ’
complexity of such a task via aligning parts with same lengths.” oo

— Carbon, 2016




Which has more cumulative area?






What about perceived area?
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Sami R. Yousif and Frank C. Keil

Department of Psychology, Yale University

Abstract
How do we determine how much of something is present? A large body of research has investigated the mechanisms
and consequences of number estimation, yet surprisingly little work has investigated area estimation. Indeed, area is
often treated as a pesky confound in the study of number. Here, we describe the additive-area beuristic, a means of
rapidly estimating visual area that results in substantial distortions of perceived area in many contexts, visible even in
simple demonstrations. We show that when we controlled for additive area, observers were unable to discriminate on
the basis of true area, per se, and that these results could not be explained by other spatial dimensions. These findings
reflect a powerful perceptual illusion in their own right but also have implications for other work, namely, that which
relies on area controls to support claims about number estimation. We discuss several areas of research potentially
affected by these findings.
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“Additive Heuristic’’? $SAGE

Elizabeth Bennette, Frank C. Keil and

Sami R. Yousif ®
Yale Universicy, United States

Abstract

Several empirical approaches have attempted to explain perception of 2D and 3D size. While
these approaches have documented interesting perceptual effects, they fail to offer a compelling,
general explanation of everyday size perception. Here, we offer one. Building on prior work
decumenting an “Additive Area Heuristic” by which observers estimate perceived area by sum-
ming objects” dimensions, we show that this same principle—an "additive heuristic"—explains
impressions of 3D volume. Observers consistently discriminate sets that vary in “additive vol-
ume,” even when there is no true difference; they also fol to discriminate sets that truly differ
(even by amounts as much as 30%) when they are equated in “additive volume.” These results
suggest a failure to properly integrate multiple spatial dimensions, and frequent reliance on a
perceptual heuristic instead.

Keywords

3D perception, perception, perceptual arganization, spatial cognition, spatial vision

Date Received: 13 September 2020; accepted: 26 Febnary 3021

In a classic demonstration, Piaget presented children with two identical glasses containing
equal amounts of water. Water from one glass was then poured into another taller, skinnier
glass, and children were asked which glass held more water. Famously, children select the
taller glass—and this is seen as evidence that children fail to understand the conservation of
volume between the two containers (Piaget, 1952). But what is the nature of this bias? Why
do children perceive the taller glass as having more in the first place?

Corresponding author:
Sami R Yousi, Department of Peychalogy, Tale University, Box 208205, Mew Haven, CT 06520-8205, United States.

Email: sami.yousififiyale.edu
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. .
UNCONSLOUS nference



[ Visual perception] is the result
of an unconscious and involuntary
activity; and for this very reason
it strikes our consciousness as a
foreign and overpowering force
of nature.

(1856/ 1925, p. 117)

(Daddy) Hermann von Helmbholtz






A simple inference...




Color constancy
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1S constancy 1S

everywhere! everywhere!



For context, a crash
course...
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Big question: Where

do these illusions occur?
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Ignaz Troxler (1780-1866)
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Illusions of motion
also occur naturally!
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But motion illusions are
so much more than this!


















Motion-induced blindness!



Motion-induced blindness!

A perceptual scotoma?
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Motion Silences Awareness
of Visual Change

Jordan W. Suchow™* and George A. Alvarez’
"Dey
MA 02138, USA

‘Summary

Loud bangs, bright flashes, and intense shocks capture
attention, but other changes—even those of similar magni-
tude—can go unnoticed. Demonstrations of change blind-
ness have shown that observers fall to detect substantial
alterations to a scene when distracted by an irrelevant flash,
or when the alterations happen gradually [1-5]. Here, we
show that objects changing In hue, luminance, size, or shape
appear to stop changing when they move. This motion-
induced fallure to detect change, sllencing, persists even
though the observer attends to the objects, knows that
they are changing, and can make veridical judgments about
their current state. Silencing demonstrates the tight
coupling of mation and object appearance.

Results
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Occupancy model of perceived numerosity

JURI ALLIK and TIIA TUULMETS
Universily of Tarfu, Tariu, Estonia

Obeervers aaw 234 different pairs of stochastically organized dot patterns and indicated which
of the two patterns appeared to be more numerous. All of the dats can be accounted for by sup-
posing that the choice of the more numerous pattern is based on the determination of the oc-
cupancy indices of both patterns. Each dot is posited to have an impact upon its neighborhood
in & constant occupancy radius R. The area of the stimulus plane sccupied collectively by all
dots provides a basis for judging relative numerosity; the pattern with the larger occupancy value

is chosen as more numerous. The occupancy

1, besides providing n general explanation of

known numercsity illusions in strictly quantitative terms, can explain some puzzling aspects

of numercsity perception.

Cantification is one of the most impressive acts of the
human mind. On many oceasions, however, the direct
one-by-one counting of items is impossible: the number
of objects is oo large, the viewing time is oo limited,
the scparation of already-counted objects from not-yet-
counted ones is oo difficult, and so forth. Nevertheless,
in all such situations, the observer is able to estimate the
approximate aumber of ilems on the basis of an instan-
taneous impression of numerosity, In a ypical numerosity
discrimination experiment, the observer indicates which
of the two presented random-dot patterns appears 1o be
more nmerows. I is intuitively compelling to think that
the observer's decision is based on an internal represen-
tation of numerosity—that the pattern producing the
greater subjective magnitude of an internal process is
«chosen as being more numerous. All currently constructed
psychophysical scales describe perceived numerosity as
a power function of the chjective number of items in the
stimulus (Indow & lda, 1977; Krueger, 1972, 1984). All
these numerosity -scales are very lentative, however, for
they fail to take into account the well-documented depen-
dence of perceived numerosity on the sparial configura-
tion of dots. The same numbers of dots distributed differ-
ently in space may appear to be very different in the
apparent number of their elements. For example, objects
oceupying a more extended area on the display usually
appear to contain more numerous elements (Bevan, Maier,
& Helson, 1963; Binet, 18%0; Ponzo, 1928). Many other
configurations of dots have been found o increase or
decrease in their apparent visual number, relative 1o the
same number of randomly distributed dots (Frith & Frith,
1972, Ginsburg, 1976, Ginsburg & Goldstein, 1987,

The authors (kank Morman Ginsburg, Tarow Indow, and an anony-
s reviewer for helplsl commens an an carlier version of thas ari-
cle, The discussion of this research iopic with Piet Vos has been very
stimmalaiing for many years. We are grateful ic Enn Veldi for help in
revising our English. We are oxiremely oblaged o Lester Krueger for
his valushle suggestions and edionial help. Correspondence cancem-
ing this article may be sent to Jir Allik, Department of Psychology,
University of Tamu, 78 Tiggl Street, Tamu, Estonla 200400 (U.5.5 R.)

Krueger, 1972, Taves, 1941; Vos, van Oeffelen, Tibosch,
& Allik, 1988). Such results indicate that the perceptual
system is not able to abstract the number per se from all
the other stimulus attributes (see Allik, 1989).

Gestalt categories of perceptual organization, such as
spatial proximity, provide more realistic candidates for
the stimulus properties that serve as bases for numerosity
judgments, Unfortunately, most of these principles have
noi been formulated in quantitatively measurable terms,
and, as a rule, they can be communicated only through
graphic examples. One of the few attempis to explain per-
ceived numerosity in strictly formal terms was undertaken
by Vas et al. (1988). The basic idea is that the perceived
numerasity depends nod on the number of dots as such
but on a mere complex spatial property of the dot
patiern—namely, the total area of the plane apparemly
filled with dots. The impact each dot has upon its neigh-
borhood is portrayed as a monotonically decreasing spread
{dispersion) function, The regions in the image where the
sum of all {potentially overlapping) individual spread func-
tions cxoeeds a pre-established threshold value are
regarded as being filled with dots.

A formal description of the CODE (COntour DEtec-
tor) model, including the selection of optimal parameters
{form and width of the spread function, threshold value),
was provided by van Oeffelen and Vos in 1983, Accord-
ing ta the CODE model, the width of the spread function
depends on the distance to its nearest neighbor. The filled
area index predicted the sign or direction of many known
numerosity illusions (Vos et al. 1988). In addition, five
specially constructed M-dot patierns filling approximately
33% of the tdal area were rated as being more numer-
ous than five 36-dot patterns filling only 15% of the toal
arga. However, the model has not been tested in @ more
demanding manner. It is also worth noting that & general
concern of the Wos et al, study, as with other numerosity
studics in gencral, was to predict the sign of the
numerosity illusion, not its magnitude,

Although the basic idea of the model—that the perceived
numerosity can be identified with the filled arca—seems

303 Copyright 1991 Psychonomic Society, Inc,
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Occupancy model of perceived numerosity
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Observers saw 234 different pairs of stochastically organized dot patterns and indicated which
of the two patterns appeared to be more numerous. All of the datas can be accounted for by sup-
posing that the choice of the more numerous pattern is based on the determination of the oc-
cupancy indices of both patterns. Each dot is posited to have an impact upon its neighbarhood
in & constant occupancy radiue R. The area of the stimulus plane sccupied collectively by all
dots provides a basis for judging relative numerosity; the pattern with the larger occupancy value

is chosen as more numerous. The occupancy

madel, besides providing a general explanation of

known numercsity illusions in strictly quantitative terms, can explain some puzzling aspects

of numercsity perception.

Cantification is one of the most impressive acts of the
human mind. On many oceasions, however, the direct
one-by-one counting of items is impossible: the number
of objects is too large, the viewing time is oo Timited,
the scparation of already-counted objects from not-yet-
counted ones is too difficult, and so forth. Nevertheless,
in all such situations, the observer is able to estimate the
approximate aumber of ilems on the basis of an instan-
taneous impression of numerosity, In a ypical numerosity
discrimination experiment, the observer indicates which
of the two presented random-dot patterns appears 1o be
more nmerows. s intuitively compelling to think that
the observer's decision is based on an internal represen-
tation of numerosity—that the pattern producing the
greater subjective magnitude of an internal process is
«chosen as being more numerous. All currently constructed
psychophysical scales describe perceived numerosity as
a power function of the chjective number of items in the
stimulus (Indow & Ida, 1977; Krueger, 1972, 1984). All
these numerosity -scales are very lentative, however, for
they fail to take into account the well-documented depen-
dence of perceived numerosity on the sparial configura-
tion of dots. The same numbers of dots distributed differ-
ently in space may appear to be very different in the
apparent number of their elements. For example, objects
oceupying a more extended area on the display usually
appear to contain more numerous elements (Bevan, Maier,
& Helson, 1963; Binet, 18%0; Ponzo, 1928). Many other
configurations of dots have been found o increase or
decrease in their apparent visual number, relative 1o the
same number of randomly distributed dots (Frith & Frith,
1972, Ginsburg, 1976, Ginsburg & Goldstein, 1987,
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revising our English. We are oxiremely obliged 1o Lester Krueger for
his valushle suggestions and edionial help. Correspondence cancem-
ing this article may be sent o Jir Allik, Department of Psyciology,
University of Tamu, 78 Tigl Street, Tamu, Estonla 200400 (155 ),

Krueger. 1972, Taves, 1941; Vos, van Oeffelen, Tibosch,
& Allik, 1988). Such results indicate that the perceptual
system is not able to abstract the number per se from all
the other stimulus attributes (see Allik, 1989).

Gestalt categories of perceptual organization, such as
spatial proximity, provide more realistic candidates for
the stimulus properties that serve as hases for numerosity
Judgments, Unforunately, most of these principles have
noi been formulated in quantitatively measurable terms,
and, as a rule, they can be communicated only through
graphic examples. One of the few atempts to explain per-
ceived numerosity in strictly formal terms was undertaken
by Vas et al. (1988). The basic idea is that the perceived
numerasity depends not on the number of dots as such
but on a more complex spatial property of ithe dot
pattern—namely, the total area of the plane apparently
filled with dots. The impact each dot has upon its neigh-
borhood is portrayed as a monotonically decreasing spread
{dispersion) function, The regions in the image where the
sum of all (potentially overlapping) individual spread func-
tions cxceeds a pre-established threshold value are
regarded as being filled with dots.

A formal description of the CODE (COntour DEtec-
tor) model, including the selection of optimal parameters
{form and width of the spread function, threshold value),
was provided by van Qefielen and Vos in 1983, Accord-
ing to the CODE model, the width of the spread function
depends on the distance to its nearest neighbor. The filled
area index predicted the sign or direction of many known
numerosity illusions (Vos ct al. 1988). In addition, five
specially constructed M-dot patierns filling approximately
33% of the total area were rated as being mone numer-
ous than five 36-dot patterns filling only 15% of the ol
arga. However, the model has not been tested in @ more
demanding manner. It is also worth noting that & general
concern of the Wos et al, study. as with other numerosity
studies in gencral, was to predict the sign of the
numerosity illusion, not its magnitde,

Although the basic idea of the model —that the perceived
numerosity can be identified with the filled arca—seems
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Similarly oriented objects appear more numerous
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Elizabeth M. Brannon

Several non-numerical factors influence the numerical
estimation of visual arrays, including the spacing of
items and whether they are arranged randomly or
symmetrically. Here we report a novel numerosity
illusion we term the coherence illusion. When items in
an array have a coherent orientation (all pointing in the
same direction) they seem to be more numerous than
when items are oriented randomly. Participants show
parametric effects of orientation coherence in three
distinct numerical judgment tasks. These findings are
not predicted by any current model of numerical
estimation. We discuss array entropy as a possible
framework for explaining both the coherence illusion
and the previously reported regular-random illusion.

Educated adults can precisely quantify a set by
counting and using number words to denote cardinality.
But people also directly perceive the approximate
number of objects in a set (e.g.. Dehaene, 1997).
Educated adults share this number sense with primates
(e.g, Brannon & Terrace, 1998), rodents (e.g., Meck &
Church, 1983), birds (e.g.. Honig & Stewart, 1989), and
a wide variety of other animals (for review see Merritt,
DeWind, & Brannon. 2012). The approximate number
sense emerges early in human development (e.g., Izard,
Sann, Spelke, & Streri, 2009) and is present in adults
from societies that lack a verbal counting system (Pica,
Lemer, Izard, & Dehaene, 2004). The approximate
number sense is theorized to provide a foundation for
symbolic mathematics (Feigenson, Dehaene, & Spelke.
2004), and the precision of approximate numerical
discrimination has been found to be correlated with
mathematical achievement in children (for review see
Chen & Li, 2014).

Several non-numerical attributes of arrays have
been noted to affect their perceived numerosity. For
example, connecting elements in an array with a thin
line decreases their perceived mumerosity (Franconeri,
Bemis, & Alvarez, 2009; He, Zhang, Zhou, & Chen,
2009). These anthors propose that the perceived
numerical decrease is due to object segmentation.
Items that are part of a contiguous portion of space
may be partially viewed as a single object. Two objects
connected by a line are contiguously connected, and so
an array composed of connected pairs is viewed as less
numerous than the same array without the connections.
Interestingly, this effect does not require an explicit
spatial connection. lllusory contours connecting
objects as well as statistical regularity in the color
of neighboring objects is sufficient to create a more
abstract “connection” between the objects and reduce
perceived numerosity (Kirjakovski & Matsumoto,
2016; Zhao & Yu, 2016). Connectedness affects
numerosity representations in extrastriate cortical areas
and operates on signals associated with perceived
numerosity rather than lower level representations in
primary visual cortex. For example, connectedness
affects numerosity adaptation and is detectable in neural
responses to stimulus arrays after 150 ms in visual area
V3, but not in lower cortical areas (Fornaciai, Cicchini,
& Burr, 2016; Fornaciai & Park, 2018). Connectedness
and grouping of objects also affects numerosity signals
in the intraparietal areas (He, Zhou, Zhou, He, & Chen.
2015).

Another effect of array configuration on perceived
numerosity is spacing; greater average spacing between
the elements of a set increases their perceived number
(DeWind, Adams, Platt, & Brannon, 201 5; Gebuis &
Reynvoet, 2012a), and regularly spaced elements seem
to be more numerous than randomly spaced elements
(Ginsburg, 1976). These effects may be two examples of
the same phenomenon: that greater distance between

Citation: DeWind, N. K., Banner, M. F, & Brannon, E. M. (2020). Similarly oriented objects appear more numeraus. Journal af
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Several non-numerical factors influence the numerical
estimation of visual arrays, including the spacing of
items and whether they are arranged randomly or
symmetrically. Here we report a novel numerosity
illusion we term the coherence illusion. When items in
an array have a coherent orientation (all pointing in the
same direction) they seem to be more numerous than
when items are oriented randomly. Participants show
parametric effects of orientation coherence in three
distinct numerical judgment tasks. These findings are
not predicted by any current model of numerical
estimation. We discuss array entropy as a possible
framework for explaining both the coherence illusion
and the previously reported regular-random illusion.




How is number perceived?



Number is perceived directly
Domain-
It is processed early in cortex genera’ view’

Acts as a perceptual primitive

Number is perceived indirectly

It is inferred or constructed

Domain-
specific view’

Not a primitive, but an output
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Visual Illusions Help Reveal the Primitives of Number Perception
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the domain-general theory, the visual system represents sumber indirectly, through a complex combi-
mation of features such as the size of the dots, their 10tal chuster, and so forth. Evidence for the laner
theary often comes from “congracncy effects:” the finding that participants frequently select the side
where the dots on the screen are denser, larger, or brighter, mh:nhnuh:m&dmu-mdlym
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number cannot be extracted from any single objective feature, such

Without counting you can exsily decide whether there are more
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as lengths of light (for color), salt concentration (for taste),
pressure on skin (for touch), and so forth, bow do our perceptual
systems encode and represent number? To date, two types of
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Dehaene and Changeux (1993), low-level neurons instantiate a
two-dimensional object map whose total activity corresponds 10
the number of objects in the scene: the more objects, the more
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showcases the efficiency and the mystery of B

lated the map, and the higher the representation of number
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ished sense of number compared with staring at a display of 50
dots (see Burr & Ross, 2008 for demonstration). Because adapta-
tion effects are most ofien caused by the fatiguing of low-level

due 1 § exp Burr and Ross (2008; Ross &
Burr, 2010, .DIZD have concluded that number must therefore be
a low-level feature akm 1o motion, color, onentation, and so forth
(for ather arguments in favor of number a5 a primary visual

feature, see Anobile, Cicchini, & Burr, 2016).
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Visual Illusions Help Reveal the Primitives of Number Perception

Edwina Picon, Denitza Dramkin, and Darko Odic
Universaty of Brush Columbsa

The human percepeual system is responsive 10 numenical informatica within visual and saditory scenes.
For example, when shown 2 displays of dots, observers can instantly, albeit approximately, ideatify the
set that is more Theories in percepeusl and cogni psychalogy have focused om 2
mechanisms for how viston accomplishes soch a feat: Under the domain.specific encoding theory,
mamber is represented as 3 primary visual featare of perception, mach like motica or color, while aader
the domain-general theory, the visual system represents mumber indirectly, through a complex combi-
nation of features such as the size of the dots, their 1otal chuster, and so forth. Evidence for the laner
theary often comes from “congracacy effects:” the finding that participants frequently select the side
where the dots on the screen are denser, larger, or brighter, rather than the side that is actaally more
mamerous. However, such effects could also stem from response conflicts between otherwise independent
dimensions. Here, we test these 2 competing accounts by embedding numerical displays within visual
illasions that create large conflicts between number and other nce-numeric dimensions—inchading
coasour bength, convex hull, and desity—and contrast panicipants’ pesformance oo a number discrim.
inatico task (Le., “Which side has more dots””) against o number estimation task (ie., “How many dots
are there””), which should eliminate response conflices. Across 3 experiments, we find that while contosr

length illusions only affect number p in ds

tasks, the infl of convex hull and

density on number perception persist in both d

and tasks, a more

domain-genemal account of number encoding.

Keywords: approximate number system. number pesception, mumber sense. visaal ilbesions
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Perception gets a lot from very hittle. Even just a cursory glance
at Figure 1 yields an mstant and astomatic semse of number:
Without counting you can exsily decide whether there are more
blue dots than yellow dots. Decades of work have shown that the
visual and auditory systems of human newboms and nonbuman
animals are sensitive to changes in number (fzard, Sann, Spelke, &

number cannot be extracted from any single objective feature, such
as wavelengths of light (for color), salt concentration (for taste),
pressure on skin (for touch), and so forth, bow do our perceptual
systems encode and represent number? To date, two types of
theorses have been put forward to answer this guestion, Under the
firs1, the domain-specific encoding theory, number is represented

Streri, 2009; for review of the nonhuman amimal literature, see relatively early in sensory pr 2 by dedscated and specialized

Vallortigars, 2017), and that this “number sense” it toan thus ituting a peimitive of perception. much like

assortment of other cogmitive abilities. including our und ding  color. ion, and motion. For example, in the model of

of currency (Margues & Dehaene, 2004) and foraging behavior in Dehaene and Changeux (1993), low-level neurons instantiale a

by primates [Piantadosi & Cantlon, 2017). As a result, the two-dimensional object map whose total activity corresponds (o

WWP‘"-"_] sense of number hb::;"‘ of greal interest (o cognitive, the number of objects in the scene: the more objects, the more
1. developmental parative psychol I

Our sensativity to visual number information simultaneously
showcases the efficiency and the mystery of percepticn: Because

1 the muap, and the higher the representation of number
(see also Stotanov & Zorzi, 2012). Coasistent with this domain-
specific encoding account, Burr and Ross (2008; Ross & Burr,
2010, 2012) have repeatedly demonstraled that we can perceptu-
ally adapt 1o number. In the same way thal staring at 3 green square

b ly prod an illusory percept of a red square, staring
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quently
at a display of 100 dots subsequently produces an illusory dimin.
ished sense of number compared with stanng af a display of 50
dots (see Burr & Ross, 2008 for demonstration). Because adapta-
tion effects are most ofien caused by the fatiguing of low-level
nel due 1 reg 4 Burr and Ross (2008; Ross &

Burr, 2010, 2012) have concluded that number must therefore be
a low-level feature akm to mobion, color, onentation, and so forth
(for other arguments in favor of number as a primary visual
feature, see Anobile, Cicchini, & Burr, 2016).
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Figure 3. Experiment 2 stimuli and results. The top panel illustrates four example trials, one from each of the
four conditions. The bottom panel shows the data from the Experiment 2 discrimination and estimation
conditions; the lines are the best-fit psychophysical cumulative normal model. See the online article for the color
version of this figure.
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at a dlspl.:) o( 100 dots subsequently produces an illusory dimin-
ished sense of number compared with staning of a display of 50
dots (see Burr & Ross, 2008 for demonstration). Because adapta-
tion effects are most ofien caused by the fatiguing of low-level
nel due 1 reg 4 Burr and Ross (2008; Ross &

Burr, 2010, 2012) have concluded that number must therefore be
a low-level feature akm to mobion, color, onentation, and so forth
(for other arguments in favor of number as a primary visual
feature, see Anobile, Cicchini, & Burr, 2016).
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Figure 5. Experiment 3 stimuli and results. The top panel illustrates four example trials, one from each of the
four conditions. The bottom panel shows the data from the Experiment 3 discrimination and estimation
conditions; the lines are the best-fit psychophysical cumulative normal model. See the online article for the color
version of this figure.
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The crowd size illusion

W aterhouse & Yousif, 2025



But that’s not all...




The crowd size illusion
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The connectedness illusion
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Let’s talk about objects.

attention



object-based attention



object-based attention



object-based attention
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object-based attention
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It’s not just about (overt) connections!

Connected-

Common

ness

Region

Proximity

Grouped Ungrouped
| B4
24 Objects 17.0 Objects (Estimated)
24 Objects 19.6 Objects (Estimated)
s 8 .
* H
24 Objects 19.3 Objects (Estimated) 0 24

Yu et al., 2019



We’ve encountered object-based
attention before!



Object-based warping
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The one-is-more illusion: Sets of discrete objects appear less extended than | M)
equivalent continuous entities in both space and time e

Updates

Sami R. Yousif*, Brian J. Scholl*

Yale University, USA

ARTICLE INFO ABSTRACT

Ky ‘W distinguish betwesn discrete objects and continuows sntities in categorization and languags, but might we
Spatial pesception actually see such stimuli differently? Here we report the one is. mare flusion, wherein ‘shjecthood’ changes what
Time percepiion we perceive in an unexpected way. Across many variations and tsks, cbservers perceived a single continusous

obiest (e.g. 2 rectangle) as longer than. an squated set of mulsiple disrets objects (e.g. two shortes mectangles
separated by a gap). This ilhsion is ph ally fly reliable, and it extends be-
yord space, to Hme:  singbe continuots tone s percelved io last langer than an equated set of multiple discrete
tanes. Previcus wark has b d the fmps aof abjecthood for processes ssch as attention and visual
working memary, but these resulis sypically require careful analyses of subtle effects. in contrast, we pravide
serik £ B ved hood changes the perception of ather properties in & way that
yous cam readily see (and heart) with your own eyes (and sarst]).

L. Introduction been visual working memary and attention — and in both of these
arcas, this distinction has been central. The underlying units of visual

One of the most and pervasi incognitive  working memary, for example, have been characterized as both discrete
stience is that between the continuous and the discrete. Indeed, tne of  (limited by the number of ‘slols’ corresponding fo encoded abjects,
the key insights of the cogniti ion wos that intelligent behaviar  regardless of their features; e.g. Luck & Vogel, 1997) and as continuaus

could be explained in part by appeal w discrete symbolic representa.
tions, even when the neural implementations of those discrete symbls
might themselves be continuows (for seminal reviews sse Newell, 1980;
Pylyshyn, 1984). In cognith 5y, this distinction has inspired
spirited debate about the wechuoigwe of leaming — where continucus,
gradual processes [such ag long-term potentiation) are contrasted with
approaches that rely on storing and updating the values of discrete

(limites! by the overall amount of encoded information, regardless of
how that information is distributed among objects; eg. Alvarez &
Cavanagh, 2004), and this remaing an area of active debate (for a re-
view, see Suchow, Fougnie, Brady, & Alvares, 2014). And visual se-
lective attention has similarly been chamcterized as both continuous
(uperating akin to a spotlight that selects undifferentiated spatial re-
gioms of the visusl field; for a review, see Cave & Bichot, 1999) and

variables {eg. Gallistel, 2000). And in ¥
language researchers have sought to understand how the child’s mind
turns a continuous stream of syllables into representations of discrete
words (e.g. Saffran, Aslin, & Newpore, 1996,

Perhaps nowhers, though, has the digtinction between the con-
tinuous and the discrete hz\ more salie cognitive science than in
the study of percepti this distinction is drawn explicitly,
for example s acking about the temporal resolution of perception
(e.g VanRuollen & Koch, 2003; see abken Asplund, Fougnie, Zughni,
Martin, & sis, 2014). In other cases, the dstinction is just as fun-
damental, but more implicit. For example, arguably the twe most active
areas in the study of visual cognition over the past two decades have

discrete and shifting among individual objects rather than
spatial regions; for a review, see Scholl, 2001,

One seemingly awkward aspect of these various theories, however,
is that despite being theories of perception (and thus of seeing), the
relevant effects cannot typically be seen. Instead, these effects (eg.
‘same-object-advantages” in chject-based attention; e.g. Egly, Driver, &
1994) are often relatively small, and only come out in the sta-
tistical wash. As such, the present experiments asked (for the first time,
tn our knewledge): does this sort of ‘objecthood’, beyord influendng
attention and memaory, alss affect what we see in the first place?

* Corresponding authors at: Deparcment of Psychology, Yale Undversicy, Box 208205, New Haven, CT 06520-8205, USA.
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Summary

Evidence exists for a nonverbal capacity for the apprehen-
sion of numbar, in humans [1] Encluding infants [2, 3]) and
in other primates [4-6). Here, we show that peroeived numer-
asily is susceplible o adapiation. like primary visual propar-
ties of a scene, such as color, contrast, size, and speed.
Apparent numerosity was decreased by adaptation to karge
niamberns of dots and increased by adaplalicon o smeall um-
bers. the effect depending entirely on the numercsity of the
atlapton, nol on conlrasl, size, oriemation, or pixel densily,
and occurring with very low adaptor contrasts. We suggest
Tt the visual syshem has the capacity 1o estimale numernas-
ity and thal il is an independent primary visual property, not
reducible to others like spatial frequency or density of
Taature [T].

Results and Discussion

Jervor, @ 19™ coniuny aconomist, rativer than counting beand,
assessed his acouracy in esbmating the number of beans in
& b il 8 singhe glance [8], He made no ermors al four or below
Eviat Evecamee incressSangly inacocunale as thenusmber of Deans in-
oreased beyond four. Subsequent studies have confirmed his
Tindinges and 1 lack of errors Delow e his bed 1o the concept
af subitiziag [8-12], usually presumed to be a separate procoss
allowing rapad apprelsension of the numerssity of collactions
ocomaining fower than free objects. The percepbon of larger
numbers is usually assumed 1o require slower and mone
eognilive processes, like counting,

All pnmary visual properies ans susceptible to adaptatian,
sonmsrlimis givirg rise 1o dramalic afereflects, like he wabanial
illusion [13). ard changes in color, size, dstance, spatial fre-
quency, and oriemation. If numerosity was a primary visual
property, ke color or moticn, it too should be prome o adapts-
tion. The onkne demonstration shows that it is. After 30 = adap-
Rk Do the wo differond sdapbor palchos, th e subseduent
patches appear 1o difier considerably in numerosity (whereas
iregection afler adaplation wears off, or counling, shows that
they both numbaer 30 dots), We guamified sdaptation affects
by asking subjects whether a test stimulus (of variable numer-
asilyl, presanbed o he region thal had been adapled, ap-
peared more of less rumenous than a probe stimules jof ficed

SCommspondence daw@incnel

Aumarosity], presanted b & dllerent unadapbed position & Wik
later. The proportion of trials where the test appeared monz
numenous than the probe was plotted aganst test numerosity
vl b witll curniukative Gaussian hunchions whos mies és-
timaies the point of subpective equality (FSE] betweon lest and
probe, ard standand deviation the thneshold Tor desciminating
between the bao (the ust-noboeable difference [jnd]l. Figure 15
ahovs aamghs pepchometre lunctions lor & 30 alement probe,
with anc withoul adagtation to.a 00 alement stimulus, The -
tic of the matched test to probs increases from unity (30 dots)
with pir adagiation 1o mone than 3 (100 dots) alter sdapiation
e increased the test number to compensate for the reduction
inits apparent numercsily), Nole alao thal tal aftes sdaptation
the psychomelric function is steeper (on legarithmic coordi-
nates), implying a smaller jnd.

Wha Tirsl ressuned the eflect of adapling o a lange numbser
(400} of dots &s a function of number of dots in the probs {Fig-
uré 18] The amount of sdaptation was Tairly conatant with
probe numerasity down to about 12 dots and then deorcased
as the probe approached the subitizing range. The precesion of
he rreabich, given by U jrod o Wisbes Tractson [nd exgroased s
a fraction af dot numbserl, did nat detenorate during adapta-
tior, (s avarage percentage Weber lractions for unadapied
and adapied conditions being 20% for unadapted and 26%
tor thi sdapbod condions.

Wha next investigated whether adaptation o small numbers
Can CAUSE an inorease n numerasity. The red circles
al Figura F show thal adaplation socurmsd in both directions:
#daptation 1o small numbers increased apparent numerosity
ey W rnsaitichodd numiber docressad), and adaplaton 1o langs
numbsrs decreased apparsnt numerosity. Adaptabion to B0
dois [the rumter of the probe} had no cifect, with the amount
ol adaptaton increasing with the diflerence between adapt
and prabe numbsr. The curves of both subjeats were well fit
Ery Brbar rgression on kg cosrdinales, wih a slops anund
024,

I gk 10 est viwedlvbr adaplalion depends on numenesity
por 8o of ia e brom aiher Tactons, Bl iedure density [T
wet performed & rumiber of conbrols. We first varied the sioe of
The adagtor and test dols, in ander 1o vary piasd decssty, In the
ahove-gescnibed study fred circles of Figure 2), bath adaptor
and tesl ols were carcles of B piued (20 arcmin) diameler (35
pixel arca). ¥We repeated the expenment with squane adaptor
stimuli of 8 x 8 pixels (54 pixels) and test sbmuli of 3 x 3 pooels
8 pixela, 177 as many aa the adapios). Il plosl density wens e
relevant attribube, the curves. of Figune 2 should sheft leftwards
Ery & lactor of 7, g0 the rill posnl cecurs whon adaplor and lesl
pixel density are matched (for adaptabon dot number of 7.
This clearly doses nol cecur, For naive ciaerver FB, the cunaes
remain superimposed lor DB, there iz a alight shill n T
opposie direchaon.

Wa alss examined the effect of adaptor contrsl. As
Figure 2C shows, contrast of adaptor dots had littie effeat on
the magnilsde of adaplalion Al comrasis as kow as 12%,
the adaptation effect i stll nearty 2-fold, droppng only near
defection threshold. It appears that the only factor that
alfecis adaplation s numaerssity, nol densily, orientalion, or
oonirast.




But wait!



'‘Old news” hypothesis



'‘Old news” hypothesis

Two quick proofs of concept.
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What if locations are constant...
..but change?



Colors Swap!
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Colors Swap!






Colors Swap!

This side should be
more ‘newsworthy'l
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Colors Swap!
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The visual system is sensitive to the
‘newsworthiness’ of information!



What about
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Number adaptation: A critical look

Sami R. Yousif ™, Sam Clarke", Elizabeth M. Brannon”
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" Dggarmment of Philosoplyy, Usiversity of Southirn: California, LEA

ARTICLE INFO ABSTRACT

Eeywonds: It s often assumed that adapeation — a temporary change n sensitivity to a perceprual dimension. following

s expasure io that dimension — is a liimus fest for what is and is noi a thanvma]:m—ﬁum Thus, papers
purpariing to find evidence of number adaptation motivaie a claim of greai significance: Thai member Is
something that can be seen in much the way that canonical visual features, ke color, contrast, sire, and speed,
can_ Fifiern years after its reported discovery, number adaptarion's existence seems to be nearly undisputed, with
doeens of papers documenting support for the phenomenon. The aim of this paper is to affer a counterweight —
to eritically assess the evidence for and against number adaptation. After surveying the many reascas for thinking
that msmbser adaptation exists, we introduce several lesser known reasons to be skeptical We then advance an
altermative account — the old news bypothesis — which can accommodate previously published findings while
explaining various (atherwise unexplained) anomalies in the exisring lterature, Next, we describe the resubts of
eight pre-registered experiments which pit our novel old news hypothesis against the recelved number adap-
tation hypattests. Collectively, the results of these experiments undermine the mumber adaptation hypoibesis on
several fronts, whilst consisiently supparting the old news bypothesls. Mare broadly our work raises questions
abouwt the stats of adaptation iself as a means of discerning what & and s mot a wisual atribute.

1. Introduction sparse when compared Inanoﬂmnuldr.uhﬂ]mll:cbmlnflunﬂnlxm
annn-nd:ptld region (9ee Burr & - wee aloo Demo #1 in the

To see more:

It % sometimes joked that vision science primarily serves o cata.
Iogue phencmena king known by magicians, cinematographers, and
petty thieves. Oceasionally, however, its discoveries affer te profoundly
transform our understanding of what it means (o see. Take the reported
discovery of visun number adepration. Since the pioneering work of [
al it has become widely accepted that observers visually
adapt 1o the numbes of fems in 4 seen collection, much as we adape to
ather visible properties, ke color, size, and motion. The claim is that
profonged exposure 1o a large number of seen items causes a middling
number of items in that region to appear less numerous than they
atherwise would. Conversely, prolonged exposure to a small number of
items repartedly chuses a middling aumber of items in that region to
appear more numereus than they otherwise woukl,

These are stunning results. In canonical examples of visual number
adaptation, cheervers enjoy obvious and phencmenclogically striking
aftereffects. If you adapt to 300 dots ina left-hand region of visual space,
a test display containing 100 dots in that region will look remarkally

supplemental materials an our OSF page)l. Since researchers have taken
:tzlz to rube out simpler explanations {e.g., by controlling for the total
brightness andfor surface area of collections), received wisdom is that
these results reflect adaptation to He mumber of items in seen collections.
And because adaptation effects of this sort have been deemed rare or

been taken to suggest that number
pm'wiﬂlco]urnnd other low: Icvd
) . while numbers are abstract
objects, loﬂlud. outside of space ar ime, :mmh: adaptation has been
taken to establish that numbers nevertheless feature in the contents of
human vision and visual experience; that, strange as @t sounds, we
literally see number.
Given the practical, philosophical, and theoretical implications of
these claims, it is perhaps surpriging that the existence of visual number
adaptation has gone brgely unchallenged (but see Dakin, Tilber,

Recetved 18 February 202 Eﬁd\'{d in revised form T May 3024; Accepied 13 May 3024

Available online 30 May 2024

O010-0277/8 2024 Elsevier BY. All rights are reserved, including those for text and data mining. Al training, and similar technologies.
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Discussion

Seven reasons to (still) doubt the existence of nu
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Does the visual gystem adapt to number?

we recantly took 3 eritical look 3¢ the phensmenon, questioning its axistence on both ampirical and theoratical grounds, and providing an alternative explanation for
extant vesults (she old news hypothesiz). We subsequently received two critical responses. Busr, Anobile, and Arrighi sejected our critiques wholesale, arguing that the
evidence for numbes adaptation remains overwhelming. Durgin questioned our old news hypothesis — prefarring instead a theory about density adaptation he has
championed for decades — but also highlighted several ways in which our arguments do pose serious challenges for proponents of number adaptation. Here, we reply
to both. We first clarify our position regasding number adaptation Then, we respond to our critics’ concerns, highlighting seven reasons why we remain sheptical
about number adaptation. We conclude with some thoughts about where the debate may head from here.

The phenomenon of number adaptation occupies a funny place in
our hearts. All three of us were cnee convineed of the existence of

4) should be viewed. We are not protecting a meorental position
that we've wedded ourzelver to. We are taking a eritical look at number
adaptation despite our prior theoretical commimments.

Our aim for thiz work was not to challenge the evidence that number
iz directly pereeived (zee Section #6.2 of our original paper) but inztead
to voice our growing concern that what looks like number adaptation is
actually a more basic form of item-level adaptation. Here, we respond to
two critiques of thiz suggestion. Burr, Arrighi and Anobile reject our
concern: with number adaptation, saying that “adaptation to numer-
osity..has been far from refuted” (p. 1), and that “there exists over-
whelming evidence for numerosity adaptation™ (p. 6). Burr and
colleague: contend that we ought to believe in number adaptation in
principle — because adaptation haz been observed for other perceptual
attributes. “If [number] did not adapt,” they write, “it would be unique
amongst perceprual antributes, worthy of very special attention” (p. 5).
Ironically, we worry that many other forms of high-level adaptation
have become widely accepted precizely becausze of the path that number
adaptation paved. This iz what makes the stakes in thiz debate zo high.
Perhaps, influenced by the fuzzy criteria that have been uszed to support

* Corresponding author.
(frunc_edu (SR Yousif).

number adaptation, other cases of high-level adaptation h.ave bEEn
zimilarly misunderstood (see, e.g., &

If one domino fallz, others may follow. As foreshadowed in the final
zentence of our original paper, thiz debate “raize: questions about the
namre and meaning of adaptation itself” (p. 14).

In contrast, Durgin (202 ggestz that our critique of number
adaptation brings into focuz “how fragile some fnding: may be™ (p. 1}
and applauds our “simpler, but not simplistic, approach to under-
standing a complex phenomenon™ (p. ). He explains that our work
“both illustrates and encourages critical thinking about the nature of
adaptation” (p. 6). Nevertheless, he argues that our theory iz incomplete
and favors his long-esmablizhed view that density iz the mechanizm un-
derlying putative number adaptation (zee Durgin, 199 &)

In what follows we fArst clarify our position and then respond to our
commentators' critiques, offering seven reazons why we continue to
think that the evidence for number adaptation is unconvineing — and
why we continue to think that our ‘old news hypothesiz” explainz extant
results better than the existing alternatives. We conclude with some
thoughtz about where thiz debate may head from here.

1. What we are argulng

Our claim is that apparent cazes of number adaptation are unlikely to
be driven by adaptation to number per se. We argue that (1) The
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1. | mentioned that the domain-specific number encoding
theory is dominant despite the evidence against it.



Food for thought:

1. | mentioned that the domain-specific number encoding
theory is dominant despite the evidence against it.

2. Should we believe that number adaptation is genuine
and/or like other kinds of adaptation?
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1. | mentioned that the domain-specific number encoding
theory is dominant despite the evidence against it.

2. Should we believe that number adaptation is genuine
and/or like other kinds of adaptation?
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The “Carpentered
world hypothesis”
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Abstract

A fundamental question in the psyehological sciences is the degree to which culture shapes core
cognitive processes — perhaps none more foundational than how we pereeive the world aroumnd
us, A dramatic and oft-cited “case study™ of culture’s power in this regard 15 the Miller-Lyver
illusion, which depicts two lines of equal length but with arrowheads pointing either inward or
outward, creating the illusion that one line is longer than the other. According to a line of research
stretehing back over a century, depending on the society you were raised in (and how much
carpentry you were exposed to), von may not see the illusion at all — an ambitions and influential
research program motivating claims that seemingly basic aspects of visual processing may actually
be “culturally evolved byproducts™. This Cultural Byproduct Hypothesis bears on foundational
issues in the science, philosophy, and sociology of psychology, and remains popular today. Yet,
here we argue that it s almost certainly false. We synthesize evidence from diverse fields which
demonstrate that: (1) the illusion s not limited to humans, appearing in non-human animals from
diverse ecologies; (2] the statistics of natural scenes are sufficient to capture the illusion; (3) the
illusion does not require straight lines typical of carpentry (nor even any lines at all): (4) the
illusion arises in sense modalities other than vision; and (5) the llusion arises even in congenitally
blind subjects. Moreover, by reexamining historical data and ethnographic deseriptions from the
original case studies, we show that the evidence for cultural variation and its eorrelation with key
cultural variables is in fact highly inconsistent, beset by gquestionable research practices, and
misreported by later discussions. Together, these considerations undermine the most popular and
dramatic example of cultural influence on perception. We further extend our case beyond this
phenomenon, showing that many of these considerations apply to other visual illusions as well,
including similarly implicated visnal phenomena such as the Ebbinghans, Ponzo, Poggendorf, and
Hortzontal-Vertical illusions. We conclude by outlining future approaches to cross-cultural
reseanch on perception, and we also point to other potential sources of cultural variation in visual

processing.
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Figure 2: A visual summary of empirical challenges to the Cultural Byproduet Hypothesis of visual illusion,
using the Miiller-Lyer illusion as a case study. The illusion arises in species from diverse ecologies (Section
4.1), can be captured by the statistic of natural scenes (Section 4.2), occurs with stimuli that do not have
straight lines (nor even any lines at all; Section 4.3), arises in senses other than vision (Section 4.4), and
is experienced even by congenitally blind subjects whose sight is restored (Section 4.5).
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Figure 5: (A) The traditional Miiller-Lyer illusion, along with variants based on (B) semicircles with lines,
(C) semicircles with dots, (D) dots only, and (E) faces. These additional variants are increasingly distant

from the straight lines and sharp angles present in the original stimulus.
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Figure 7: (A) Congenital cataracts can be replaced by a procedure in which the cataract — the clouded
lens — is emulsified; an intraocular lens is then put in its place, effectively restoring vision. (B) Immediately

upon the restoration of sight, newly sighted subjects are susceptible to the Miiller-Lyer illusion (data drawn
from Gandhi et al., 2015).
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The Motion-Silencing Illusion Depends
on Object-Centered Representation

@

Qihan Wu and Jonathan 1. Flombaum

Deparment of Psychological and Brain Sciences, Johns Hopking University

Abstract

Motion silencing is a striking and unexplained visual illusion wherein changes that are otherwise salient become
difficult to perceive when the changing elements also move, We develop a new method for quantifying illusion strength
(Experiments la and 1b), and we demonstrate a privileged role for rotational motion on llusion strength compared
with highly controlled stimuli that lack rotation (Experiments 2a 1o 3b). These contrasts make it difficult 1o explain
the illusion in terms of lower-level detection limits. Instead, we explain the illusion as a failure 1o anribute changes w
locations. Rotation exacerbates the illusion because its perception relies upon structured object representations. This
aggravates the difficulty of atributing changes by demanding that locations are referenced relative o both an object-
internal frame and an external frame. Two final experiments (4a and 4b) add support o this account by employing a
synchronously rotating external frame of reference that diminishes otherwise strong motion silencing. All participants

were Johns Hopkins University undergraduares.
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Motion silencing (M5) is a striking illusion wherein
changes that are otherwise salient become difficult 1o
perceive when the changing elements move (Suchow
& Alvarez, 2011). The typical stimulus includes 100 dows
arranged to form a ring. Each dot starts with a random
color, changing color by continuously cycling through
color space. The changing colors are highly noticeable
when the ring is stationary but barely so when the ring
rotates. Now the color changes become difficult 1o
detect, silenced, an illusion that gains strength as rota-
tion specd increases.

The prevailing explanation for the illusion appears
o be that local change detectors have small receprive
fields (Suchow & Alvarez, 2011). Fast rotation means
that color changes happen oo slowly 1o register. Effec-
tively, if an item remains unchanged as it passes through
a detector, the change cannat be caught, even if the
item has changed quite a bit when you compare it after
and before.

The present study sought to explore MS in two ways.
First, we sought to investigate the effects of silencing
on objective discrimination. A changing but silenced

stimulus should be difficult w distinguish from an
unchanging stimulus. Second, we sought evidence o
support a higher-level explanation for the illusion: that
it arises when color changes are detected but difficult
1o attribute 1o specific locations. Toward this end, we
examine whether rotation amplifies silencing, compared
with similar butl nonrotational motion. We reason that
rotation complicates the process of atnbuting changes
1o locations because it increases the demand for labeling
locations in multiple reference frames at once.
We were motivated o explore whether o
increases silencing for two related reasons. First, we
observed that nearly all the examples of silencing

involve rottion. But the two exceplions we are aware
of support the view that silencing is an attribution error.
Peirce (2013} demonstrated that motion itsell can be
silenced in the presence of global changes—such as
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5 “partial hallucination”™



Faces are perhaps the
most important stimulus

we regularly encounter.



Which of the following

faces is more trustworthy?
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Making Up Your Mind After a 100-Ms Exposure to a Face
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ABSTRAT—People often draw troit inferences from the
Sfarial appearance of other people. We meestigated the
minimal conditions under which people moke such infer-
ences. In five experiments, each focusing on a specific trait
Judgrent, we manipulated the exposure time of unfamiliar
Sfaces. Judgments made aftor o Nd-ms exposure correlated
highly with judgments made in the absence of time con-
straints, suggesting that this expesure time was sufficient
for participants to form an impression. In fact, for all

are as pervasive as are the effects of sttractiveness | Mantepare &
Zebrowite, 1998; Zebrowitz, 1999). For example, baby-faced
individuals are less likely i recerve severe judicial outeomes
than mature-faced indivaduals (Zebrowitz & MeDanald, 1991,

From the structure of the face, prople form not anly global
impressions, but alse speeific trait impressions (Hassin & Trope,
2000). For example, we showed that inferences of competence,
hased solely an facial appearnce, predicted the outeomes of
U5 congressional elections i 2000, 2002, and 2004, | Todoroy,

Jurdgments—attract likeability, trustworthi
competence, and aggressivensss—inereased pxposire time
diedd not significantly increase the correlations. When ex-
posure time increased from 100 two 50 ms, participants”
Jurdgments became more negative, response times for
Judgments decreased, and confidence in judgments in-
creased. When exposure time increased from 500 1o 1,000
ms, trait judgments and response times did not change
significantly (with one exception), bur confidence in-
ereased for some of the judgments; this resalt suggests that
additional time may smply beost confidence i fudgments.
However, increased exposure time led 1o more differenti-
ated person impressions.

Lavater’s (177271880 Essays on Physiognomy, which was
written in 1772 and reprinted in mare than 150 editions by 1940,
deseribed i minute detail how 1o relate facial features to per-
sonality traits (e.g.. “the nearer the evebrows are to the eyes, the
mwre earnest, deep, and firm the charcter” p. 3%, Although
these wleas sirike most people today as hidicrous and bring 1o
minad phrenology, empineal evidence shows that the effects of
fweial appearance on secial outcomes are pervasive. In alnost
every significant domain of life, atiractive people get better
autcomes than unattractive people (Hamermesh & Baddle,
1994; Zebrowilz, 1999). The eflects of baby-faced appearance

Adidress corvespandene: o dexander Todoroy, Departsent of Pay-
chobogy, Green Hall, Princeton University, Princoston, NJ 08544
10185, e-mmall: apdoroy@prbnecton.ed.
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Mandasod, Garen, & Hall, 2005). Alhough we measured
impressions an @ varety aof trats, including attrsctiveness,
trustworthiness, and likeability, the trait inference that pee-
dicted the election outcomes was competence. Competence was
also ruted as the most impontant attrbuate for a person unning
for a public office. This Anding suggests that person attributes
that are inapestant for specific decisions are inferred from facial
appearance and influence these decisions,

Fruem both the standard-mimtion and the rational-actor poini=
of view, trail inferences from fasctal appearance should not in-
Auence important deliberate decisions. However, to the extent
that these mferences scenr rpadly and effortlessly, their effects
on decisions may be subtle and not subjectively recognized.
Using the temms of dual-process theones (Chaiken & Trope,
199%9: Kahneman, 2008), we have argoed that trait inferences
from faces can be charsetenzed a= fast, intuitive, unreflective
System | processes that contrast with show, elfortful, and de-
liberate System 2 processes (Todosov et al.. 2005). We provided
preliminary evidence for this progosal by showing that infer-
ences of competence based on 1-s exposure 1o the faces of the
winpers and the unners-up for the Senate mees sufficed o
predict the election oulcemes,

In this article, we report a seres of studies in which we sys-
tematically manipulated the exposure time of faces bo further
explore the minmmal conditions under which people make trait
inferenees from facial appearance. Research on visoal
processing has shown that high-level object representations can
be constructed very mpadly fom visual scenes (Gnll-Spectar &
Kanwishes, 2005; Rousselet, Fabre-Thorpe, & Thorpe, 2002;
Thaorpe, Fize, & Mardo, 1906}, It is possible that inferences
alsut socially significant attributes are alse mpidly extracted
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minimal conditions under which people make such infer
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Jfudgment, we manipulated the exposure ime of unfamiliar

faces. Judgments made after a JM0-ms exposure correlated
highly with judgments made i the ahsence of Eme con
striints, suggesting that this exposure time was sufficient
for participants to form an impression. In fact, for all
Judgments—attractivencss, [dkeability, trustworthiness,
competence, and oggressiveness—increased exposire lme
didd not significantly increase the correlations. When ex
posure time increased from 100 to 500 ms, participones”
Jjudgments beeaome more negotive, response times for
Judgments decreased, and confidence in judgments in
creased. When exposure time increased from 500 1 1000
ms, frait udgments and response times did not change
mificantly (with one exception), but confidence in

creased for some of the judgments; this resalt saggests that
additional time may simply boost confidence in judgments.
Hocever, increased exposare time led to more differentt
ated person impressions.
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ABSTRACT—People often draw trait inferences from the
Sfacial appearance of other peaple. We investigated the
minimal conditions under which people make such infer-
ences. In five experiments, each focusing on a specific trait
Judgment, we manipulated the exposure tme of unfamilior
Saces. Judgments made after o 1N-ms exposure correlated
highly with judgments made in the ahsence of time con-
straints, suggesting that this exposure time was sufficient
Sfor participants to form ar impression. In fact, for all
Juelgments—attract likeabdity, trustworths

areas pervasive as are the effects of sitractiveness (Montepare &
Zehrowite, 1998; Lebrowitz, 1999). For example, baby-faced
individuals are less likely o receive severs judicial onteomes
than mature-faced individuals (Zebrowite & Melanald, 19491).

From the structure of the face, people form not only glabal
impressions, but also specific trait impressions | Hassin & Trope,
20000). For example, we showed that inferences of competence,
hased solely an facial appearnce, predicted the outeomes of
L5, congressional elections i 2000, 2002, and 2004 | Todoroy,
Mancasne Gaoren, & Hall, 2005). Although we measured

competence, and nggressivensss—inereaced sxposare time
diel not significantly increase the correlations. When ex-
poasure time increased from 100 10 500 ms, participoms”
Juddgments became more negative, response times for
Juidgments decrensed, and confidence in judgments in-
creased. When exposure time increased from 5060 1o 1,000
ms, troit fudgments and response times did not change
sigmificamtly (with one exception), but confidence in-
eraased for some of the judgments; this resalt suggests that
additional time may simply beost confidence in judgments.
However, increased exposure time led to more differenti-
ated person impressions.

Lavaters (1772718800 Ewsays on Physiognomy, which was
written in 1772 and reprinted in more than 150 editions by 194,
deseribsed in minute detail how to relate focial features e per-
sonality traits (e.g.. “the nearer the eyebrows are to the eyes, the
mwre earnest, deep, and firm the chameter” p. 59, Although
these ideas sirike most people today as ludierous and bring o
mindd phrenalogy, empincal evidence shows that the effects of
facial appearsnee on social sutcemes are pervasive. In almost
every significant domain of life, atiractive people get better
outcomes than unattractive people (Hamemnsesh & Baddle,
1904; Zehrowitz, 1999), The effects of haby-faced appearance
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also ratesd as the most important attribute for a person mnning
fur a public office. This Anding suggests that person attributes
that are important for specific decisions are inferred from facial
appearance and influence these decisions.
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Auence important deliberate decisions. However, to the extent
that these mferences soeur mpadly and effortlessly, their effects
o decisions may be sulale and not subjectively recognized.
Using the temms of dual-process theores (Chatken & Trope,
1999 Kahneman, 2003}, we have argoed that trait inferences
from faces can be charsctenzed a= fast, intuitive, unrefective
System | processes that contrest with slew, effortful, and de-
liberate System 2 provesses (Todosov et al., 2005). We provided
preliminary evidence for this proposal by showing that infer-
envces of competence based an 1-s exposure to the faces of the
winners and the mnners-up for the Senate mees sofficed o
predict the election ouleemes,

In this article, we report a seres of stodies in which we sys-
tematically manipulated the exposure tme of fsces to further
explore the minimal conditions under which people make trai
inferences  from facial appearance. Hesearch on visoal
processang has shown that high-level object representations can
be constructed very mpadly from visual scenes (Grll-Spectar &
Kanwisher, 2005; Rousselet, Fabre-Thorpe, & Thorpe, 2002;
Tharpe, Fize, & Marlo, 19961 It i= possible that inferences
about soctally significant attnbutes are also mpidly edacted
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This is more
consequential than
you might think!



Inferences of Competence from
Faces Predict Election Outcomes

Alexander Todorov,"®* Anesu N. Mandisodza,'t Amir Goren,’
Crystal C. Hall’

We show that inferences of competence based solely on facial appearance

predicted the outcomes of U.S. congressional elections better than chance
(e.g., 68.8% of the Senate races in 2004) and also were linearly related to the

margin of victory. These inferences were specific to competence and occurred
within a 1-second exposure to the faces of the candidates. The findings sug-
gest that rapid, unreflective trait inferences can contribute to voting choices,
which are widely assumed to be based primarily on rational and deliberative
considerations.



Inferences of Competence from |
Faces Predict Election Outcomes Ah

Which person is the more competent?

Alexander Todorov,2* Anesu N. Mandisodza,'t Amir Goren,’
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(e.g., 68.8% of the Senate races in 2004) and also were linearly related to the
margin of victory. These inferences were specific to competence and occurred
within a 1-second exposure to the faces of the candidates. The findings sug-
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Inferred competence from faces



Which of the following taces is

more attractiver



Peshek et al., 2011



Axelsson et al., 2018



Figure 3. Averaged images of 16 individuals (eight women) photographed twice in a cross-over design, during experimentally induced (a) acute sickness and
(b) placebo. Images made by Audrey Henderson, MSc, St Andrews University, using Psvciomosss. Here, 184 facial landmarks were placed on each image before
composites displaying the average shape, colour and texture were created [20].

Axelsson et al., 2018



Also, faces are weird.






Face-inversion effect






Thatcher effect






Composite face illusion
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Prosopagnosia



Prychenomic Bullenn & Review
e, 16 (2), 252.257
oSt ¥ PANFRR fa. 2200

BRIEF REPORTS

Super-recognizers: People with
extraordinary face recognition ability

RicHarn RUSSELL
Harvard University, Combridye, Massaciusens

Bran DUcHAINE
University College London, London, England

AND
KEN Nakavaria
Harvard University, Combridye, Massachuseits

We tested 4 people who claimed o have significantly betier than ordimary face recognition ability. Excepiional
ability was confirmed in each case. On two very different tests of face recognition, all 4 experimental subjects
performed beyond the range of control subject performance. They also scored significantly betier than average
on a percepiual discrimimation test with faces. This effeet was larger with upright than with inverted faces, and
ihe 4 subjects showed a larger “inversion effect” than did control subjects, who in ium showed a larger inversion
effect than did developmental prosepagnosics. This result indicates an association between face recognition
ability and the magnitude of the inversion effiect. Overall, these “super-recognizers™ are about as good at face
recognition and perception 3 developmental prosopagnosics are bad. Our findings demonsirate the existence
of people with exceptionally good face recognition abality and show that the range of face recognition and face
perception ability is wider than has been previously acknowledged.

Developmental prosopagnasia is a condition marked by
exceptionally poor face recognition ability despite normal
vision and absence of brain damage or other cognitive def-
icits. The first case of developmental prosopagnosia (al-
ternately called congemital or hereditary prosopagnosia)
was deseribed in 1976 (McConachie, 1976), and the con-
dition was thought to be very rare (Kress & Daumn, 2003).
However, recent years have witnessed estimates suggest-
ing that 2%-2.5% of the general population has the con-
dition {Kennerknecht et al., 2006; Nakayama et al., 20606)
and rapid growth in the number of cases reported {Barion,
Cherkasova, Press, Intnligator, & O'Connor, 2003; Behr-
mann & Avidan, 20035; Duchaine & Nakayama, 2006b; Le
Girand et al_, 2006).

The widespread use of terms such as “condition,”
“disorder,” and “impaired” to deseribe developmental
prosopagnosia indicates a prevailing notion of face rec-
ognition ability as being either normal (i.e., roughly aver-
age) or pathological. The prevalence of this notion may
be due in part to the apparent lack of people who are as
far above average at face recognition as developmental
prosopagnosics are below average. Finding such people
would support an alternate notion of a broad distnbution

of face recognition ability, with (at least some cases of )
developmental prosopagnosia representing the lower tail
of the distribution.

We have been contacted by several people who, with
telling anccdotes, have made persuasive claims to having
supenor face recognition abilities. The goal of the present
study was to evaluate these claims through objective test-
ing. Specifically, we sought to determine whether these
people are indeed much better than normal at recognizing
faces. A secondary goal was to determine whether they are
also better than average at perceiving subtle differences
among simultaneously presented faces and to measure
their face mversion efficct.

Following recent media coverage of our work on devel-
opmental prosopagnosia, several people contacted us be-
cause they helieve that they are the opposite of prosopag-
nosic—that they are exceptionally good at recognizing
faces. We have tested 3 of these people: C_5_, a 26-year-old
female PhD student; C.L., a 40-year-old female home-
maker; and 11, a 36-vear-old female municipal employee.
We also tested MR, a 31-year-old male computer pro-
grammer. M.R. was referred by his roommate (a develop-
mental prosopagnesic, whom we tested in our laboratory ),

R. Russell, rrusselli wjb.harvard.edu

© 2009 The Psychonomic Society, Inc. 252
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Developmental prosopagnosia is a condition marked by
exceptionally poor face recognition ability despite normal
vision and absence of brain damage or other cognitive def-
icits. The first case of developmental prosopagnosia (al-
ternately called congenital or kereditary prosopagnosia)
was described in 1976 (MceConachie, 1976), and the con-
dition was thought to be very rare (Kress & Dawm, 2003 ).
Honwever, recent years have witnessed estimates suggest-
ing that 2%-2.5% of the general population has the con-
ditien {Kennetknecht et al., 2006; Nakayama et al., 2006)
and rapid growth in the number of cases reported {Barton,
Cherkasova, Press, Intnligator, & ('Connor, 2003; Behr-
mann & Avidan, 2005; Duchaine & Nakayama, 2006b; Le
Cirand et al_, 2006).

The widespread use of terms such as “condition,
“disorder,” and “impaired” to describe developmental
prosopagnosia indicates a prevailing notion of face rec-
ognition ability as being either normal {i.e., roughly aver-
age) or pathological. The prevalence of this notion may
be due in part to the apparent lack of people who are as
far above average at face recognition as developmental
prosopagnosics are below average. Finding such people
would support an alternate notion of a broad distnbubon

of face recognition ability, with (at least some cases of )
developmental prosopagnosia representing the lower tail
of the distribution.

We have been contacted by several people who, with
telling anccdotes, have made persuasive claims to having
supenor face recognition abilities. The goal of the present
study was to evaluate these claims through objective test-
ing. Specifically, we sought to determine whether these
people are indeed much better than normal at recognizing
faces. A secondary goal was to determine whether they are
also betier than average at perceiving subtle differences
among simultaneously presented faces and to measure
their face inversion effict.

Following recent media coverage of our work on devel-
opmental prosopagnosia, several people contacted us be-
cause they believe that they are the opposite of prosopag-
nosic—that they are exceptionally good at recognizing
faces. We have tested 3 of these people: C_5., a 26-year-old
female PhD student: C.L., a 40-year-old female home-
maker; and 1.1, a 36-vear-old female municipal employee.
We also tested MR, a 31-year-old male computer pro-
grammer. M.R. was referred by his roommate (a develop-
mental prosopagnoesic, whom we tested in our laboratory ),

R. Russell, rrusselli wib.harvard.eds

© 2009 The Psychonantic Saciety, Inc. 252

0 Ll L] T

24 36 48 60
CFMT Short Form

72

34 46

58 70 82 94
CFMT Long Form

Figure 3. (A) Performance on the Before They Were Famous (BTWF) test plotted against the Cambridge Face Memory Test
(CFMT) short form. (B) Performance on the BTWF test plotted against the CFMT long form. The dependent variable in both
tests is the number correct. Minimum values on each axis represent chance performance on the given task; maximum perfor-
mance is 56 on the BTWF test, 72 on the CFMT short form, and 102 on the CFMT long form.
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icits. The first case of developmental prosopagnosia {al-
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“disorder,” and “impaired” to describe developmental
prosopagnosia indicates a prevailing notion of face rec-
ognition ability as being either normal {i.e., roughly aver-
age) or pathological. The prevalence of this notion may
be due in part to the apparent lack of people who are as
far above average at face recognition as developmental
prosopagnosics are below average. Finding such people
would support an alternate notion of a broad distnbution

of face recognition ability, with (at least some cases of )
developmental prosopagnosia representing the lower tail
of the distribution.

We have been contacted by several people who, with
telling anecdotes, have made persuasive claims to having
supenor face recognition abilities. The goal of the present
study was to evaluate these claims through objective test-
ing. Specifically, we sought to determine whether these
people are indeed much better than normal at recognizing
faces. A secondary goal was to determine whether they are
also better than average at perceiving subtle differences
among simultaneously presented faces and to measure
their face inversion effict.

Following recent media coverage of our work on devel-
opmental prosopagnosia, several people contacied us be-
cause they believe that they are the opposite of prosopag-
nosic—that they are exceptionally goad at recognizing
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Abstract. A fundamental challenge in face recognition lies in determining which facial characteristics
are important in the identification of faces. Several studies have indicated the significance of certain
facial features in this regard, particularly internal ones such as the eyes and mouth. Surprisingly,
however, one rather prominent facial feature has received little attention in this domain: the
cycbrows. Past work has examined the role of cyebrows in emotional expression and nonverbal
communication, as well as in facial aesthetics and sexual dimorphism. However, it has not been
made clear whether the cycbrows play an important role in the identification of faces. Here, we
report experimental results which suggest that for face recognition the eyebrows may be at least
as influential as the eyes. Specifically, we find that the absence of cycbrows in familiar faces leads
to a very large and significant disruption in recognition performance. In fact, a significantly greater
decrement in face recognition is observed in the absence of eyebrows than in the absence of eyes.
These results may have important implications for our under iing of the mecham of face
recognition in humans as well as for the development of artificial face-recognition systems.

1 Introduction

Evolutionary history has seen a considerable reduction in the amount of hair on the
human face (McNeill 2000: figure 1). As such, the presence of the eyebrow might seem a
curiosity. Do the eyebrows in fact serve a useful purpose or are they merely an evolu-
tionary vestige? While it is perhaps true that eyebrows may provide the eyes modest
protection against such things as rain and perspiration, it is perhaps more relevant that
the eyebrows also appear to serve a number of functions that are more visual in nature.
Eyebrows may serve as high-contrast lines that give the appearance of the brow greater
clarity and emphasis, and their associated musculature allows for sophisticated. often
involuntary gestures that may be discerned from a relatively large distance. As such,
the eyebrows appear to play an important role in the expression of emotions and in the
production of other social signals, and they may also contribute to the sexual dimorphism

Figure 1. Overall, humans have relatively little facial hair as compared to other primates; the
conspicuous presence of the hair forming the cyebrows is somewhat intriguing. A number of
selection pressures may be responsible for the development and persistence of the eyebrows over
the course of primate and especially human evolution. A color version of this figure can be seen
at http//www.perceptionweb.com/misc/p5027/.
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are important in the identification of faces. Several studies have indicated the significance of certain
facial features in this regard, particularly internal ones such as the eyes and mouth. Surprisingly,
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communication, as well as in facial aesthetics and sexual dimorphism. However. it has not been
made clear whether the cycbrows play an important role in the identification of faces. Here, we
report experimental results which suggest that for face recognition the cyebrows may be at least
as influential as the eyes. Specifically, we find that the absence of cyebrows in familiar faces leads
to a very large and significant disruption in recognition performance. In fact, a significantly greater
decrement in face recognition is observed in the absence of eyebrows than in the absence of eyes.
These results may have important implications for our understanding of the mechanisms of face
recognition in humans as well as for the development of artificial face-recognition systems.

1 Introduction

Evolutionary history has seen a considerable reduction in the amount of hair on the
human face (McNeill 2000: figure 1). As such, the presence of the eyebrow might seem a
curiosity. Do the eyebrows in fact serve a useful purpose or are they merely an evolu-
tionary vestige? While it is perhaps true that eyebrows may provide the eyes modest
protection against such things as rain and perspiration, it is perhaps more relevant that
the eyebrows also appear to serve a number of functions that are more visual in nature.
Eyebrows may serve as high-contrast lines that give the appearance of the brow greater
clarity and emphasis, and their associated musculature allows for sophisticated. often
involuntary gestures that may be discerned from a relatively large distance. As such,
the eyebrows appear to play an important role in the expression of emotions and in the
production of other social signals, and they may also contribute to the sexual dimorphism
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Figure L. Overall, humans have relatively little facial hair as compared to other primates; the
conspicuous presence of the hair forming the cycbrows is somewhat intriguing. A number of
selection pressures may be responsible for the development and persistence of the eyebrows over
the course of primate and especially human evolution. A color version of this figure can be seen
at http//www.perceptionweb.com/misc/p5027/.
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These results may have important implications for our understanding of the mechanisms of face
recognition in humans as well as for the development of artificial face-recognition systems.

1 Introduction

Evolutionary history has seen a considerable reduction in the amount of hair on the
human face (McNeill 2000: figure 1). As such, the presence of the eyebrow might seem a
curiosity. Do the eyebrows in fact serve a useful purpose or are they merely an evolu-
tionary vestige? While it is perhaps true that eyebrows may provide the eyes modest
protection against such things as rain and perspiration, it is perhaps more relevant that
the eyebrows also appear to serve a number of functions that are more visual in nature.
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Figure L. Overall, humans have relatively little facial hair as compared to other primates; the
conspicuous presence of the hair forming the cycbrows is somewhat intriguing. A number of
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Visual adaptation and face perception
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The appearance of faces can be srrongly affecred by the characterisrics of faces viewed previously.
These perceprual afier-effects reflect processes of sensery adapration thar are found throughour
the visual system, bur which have been considered only relatively recently in the comrext of
higher level perceprual judgements. In this review, we explore the consequences of adaprarion fior
human face perception, and the implications of adapration for understanding the neural-coding
schemes underlying the visual representation of faces. The properties of face afier-effects suggest
that they, in part, reflect response changes at high and possibly face-specific levels of visual proces-
sing. Yer, the form of the afier-effecrs and the norm-based codes thar they point o show many
parallels wirth the adaprarions and funcrional organization thar are thought vo underlie the encoding
of perceprual amribures like colour. The narure and basis for human colowr vision have been studied
extensively, and we draw on ideas and principles thar have been developed 1o account for norms and
normalizarion in colowr vision o consider porential similarities and differences in the represenrarion
and adapration of faces.

Keywaords: face perceprion; adapration; colour vision; afrer-effects; neural coding

1. VISUAL ADAPTATION AND THE PERCEPTION
OF FACES

Stare carefully ar the cross in the image in figure | fora
minute or 50, and then close your eyes. A clear image
of a face will appear after a few seconds. (A popular
version of this illusion uses an image of Christ, s0 we
have tried it with a devil.) The phantom image is a
neganve afterimage of the original picture, and arises
because each parr of the retina adjusrs its sensiriviry
tiv the local lighe level in the original picrure. Thus,
when a uniform field of dim light s mansmimed by
the closed eyelids, cells that were previously exposed
i dark {or light) regions will respond more (or less).
Mote that the afterimage is also much more recog-
nizable as a face compared with the original, in part
because it has the correct brightness polarity (e.g.
dark eyes). This polarity-specific difference [1) is one
of many examples thar have been used o argue thar
face perceprion may depend on specialized processes
that are distinct from the mechanisms mediarting
abject fecognirion [2). However, while the visual
coding of faces may depend on face-specific pathways,
the principles underlying how these processes are
organized and calibraved may be very general. In par-
ticular, the principles of sensitivity regulation thar
give rise o light adapration in the retina are likely 1o
be manifesr ar all stages of visual coding, and may be
fundamenrally important to all perceprual analyses.
Thus, just as adapring o different light levels can
affect the percepuon of brighiness, adapration o

* Author for correspondence (mwebsteniiunr.eda).

One conmribution of 10 to a Theme lssae “Face percepion: social,
newropsychological and comparstive perspectives”.

different faces can affect the appearance of facial
arrribures, and in both cases these sensitiviry changes
may shape the namre of visual coding in funcrionally
similar ways.

In this review, we consider the properties and
implicarions of adapration effects in face perception.
Although it may not be obwvious, the appearance of
faces does depend strongly on the wiewing conrexr,
and thus the same face can look dramarically different
depending on which faces an observer is previously
exposed o, These face after-effects offer a window
into the processes and dynamics of face perceprion
and have now been studied extensively. Here, we con-
sider whar these smadies have sevealed abour human
face perception. But before examining this, it is
worth emphasizing that it is imporant o understand
how face perceprion and recognition are affected by
perceprual adapration for a number of reasons. Firsr,
faces are arguably the most important social stimuli
for humans and the primary means by which we
perceive the identity and stare of conspecifics. Any
process that modulares that perceprion thus has pro-
found implications for understanding human percep-
mon and behaviowur, and these consequences are
impormant regardless of the basis of the adapration.
Thart is, how our judgements of such fundamental
arrribures as idenrity, expression, fitness or beaury are
affecred by the diet of faces we encounter is essential
1o understanding the psychology of face perceprion,
whether those context effects result from changes
in sensitivity or criterion and whether they reflect
high-level and face-specific representations or low-
level and thus generic response changes in the visual
gystem. Second, a central focus of research in face
perceprion has been mo understand how informarion

1702 This journal is & 2001 The Royal Sociery
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First Impressions
Making Up Your Mind After a 100-Ms Exposure to a Face

» Willis anwd Alexander Todoroy

Jan

Frinceton Universiry

ABSTRACT—People offen draw trait i

es from the
facial appearance of other people. We investigated the
minimal conditions under which people make such infer

ences. In five experiments, vach focusing on a spectfic trait

Jfudgment, we manipulated the exposure ime of unfamiliar

faces. Judgments made after a JM0-ms exposure correlated
highly with judgments made i the ahsence of Eme con
striints, suggesting that this exposure time was sufficient
for participants to form an impression. In fact, for all
Judgments—attractivencss, [dkeability, trustworthiness,
competence, and oggressiveness—increased exposire lme
didd not significantly increase the correlations. When ex
posure time increased from 100 to 500 ms, participones”
Jjudgments beeaome more negotive, response times for
Judgments decreased, and confidence in judgments in
creased. When exposure time increased from 500 1 1000
ms, frait udgments and response times did not change
ficantly (with one exception), but confidence in

creased for some of the judgments; this resalt saggests that
additional time may simply boost confidence in judgments.
Hocever, increased exposare time led to more differentt
ated person impressions.

Lavater's (1772718800 Essays an Physiognomy, which was
written in 1772 and reprinted in more than 150 editions by 1940,

descrilsed in minute detail bow to relate L

to the eyes. the

sonality traits (e.g.. “the nearer the eyebrow

mare earnest, deep, and firm the chameter” po 5%, Although

these ideas strike most people today as rous anid bring ta
mind phrenology, empincal evidence shows that the effects of

facial appearsnee on social sutcomes are pervasive. In almost

every significant domain of life, stiractive peop

outcomes than unattractive people (Homermesh & B
1904 Zehrowitz, 1999, The effects of haby-faced appe
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Groen Hall,
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a cts of sitraciiveness (Montepare &

Lehrowite, 1098:
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fehrowite, 1909). For examy
individuals are less likely o receive severs judicial onteomes
than mature-faced indrvaduals (Zebrowite & Melonald, 1991

From the structure of the face, people fom naot only glabal
impressions, but also specific trit impressaons { Hassin & Toogpe,
we showed that infere

20001). For exampl, of competence,

hased solely on facial appeamnce, predicted the cotcomes of
L5, congressional elections i 2000, 2002, and 2004 [Todosoy,
Mandisodza, Goren, & Hall, 2005). Alhough we measured
impressions on a varety of s, including attrective

55,

trustworthiness, and liki
dicted the e

ality, the trmt inference that pre-

T auleomes
also rated as the most mmportant attribute for 2 person ronning

for a public office. Ths fir suggests that person attributes

1= are inferred from facial

wirtant for speci
ce and influence these de

i,

From hath the standard-intuition and the mtional -setor poi

of view, trait inferences from fscinl appearmee should oot in-
1 deliberate decisions. However, to the extent
wpadly and effortlessly, their effects
un decisions may be subtle and not subpecti recigmized.
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that these infersnees ooe

Using the terms of dual-process theones (Chaiken & Trogpe,
1999 Kahneman, 2003}, we ha
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In this article, we report a semes of stodies in which we sys-
pulated the expoeure tme of feces to further

explore the minmmal conditions under which people make trait

tematically ma

inferences  from facial appearance. Hesearch on visoal

processing has shown that high

hject representations can
be constructed very rapadly from visual scenes [Grill-Spector &
Kanwisher, 2005; Rousselet, Fabre-Tharpe, & Thorpe, 2002:

Thorpe, Fize, & Marloe, 1996, It = possible that infere

about socially significant attnbutes are also rapidly extrcted
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attractiveness
likeability
trustworthiness
competence

aggressiveness



One more thing:

Watch carefully.



Hollow face illusion



Food for thought:



Food for thought:

l. For number we talked about domain-specific vs. domain-
general coding.

2. Should we believe that face adaptation is genuine and/or
like other kinds of adaptation?

3.
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Abstract

The hueman visual system possesses a remarkable abdity to detect and process faces
across diverse contexts, including the phenomenon of tace pareidolla——aesing faces

in inanimate objects. Despae extensive research. it remans unclear why the visual sys-
tern emgdoys such broadly tuned face detection capabilites. We hypothesized that face
paresdolia results from the visual system’s optimization for recognizing bath taces and
obgecta. To test this hypothesis, we vaed task-optimized deep convolutional neural net-
works (CMMs) and evaleated thelr alignment with haman behavioral ssgnatures and neu-
ral responsas, measured via magnetoencephalography (MEG), related to pareldoba pro-
cessing. Specifically, we trained CHNMs on tasks invohding comibenations of face (dent-
fication, face detecton, object categornization, and obyect detection. Using representa-
tional simiarity analysss, we found that CHNs that included object categonzation in thedr
training tasks represented pareidoka faces, real faces, and matched objects more sim-
llarty o mewral responses than those that did not. Although these CNNs showed similar
overall abgnment with neural data, a closer examination of thelr intemal representabions
revealed that specific training tasks had dstinct effects on how pareidola faces were rep-
resented across layers. Finally, interpretability meathods resvealsd that only a CMN trained
for both {ace identification and obfect categodzation rebed on face-like features—such

as ‘eyes’—1o classiy pareldolia stirmul as faces, mirmonng findings in human percegtion.
Owr results suggest that human-like tace pareidolia may emenge from the visual system's
optimizaton for face identification within the context of generalized object categorization.

Author summary

Have you ever seen a face in an inanimate object. like the foam in your coffee? This
phenomenan, known as face pareidolia, demonstrates our brain's remarkable ability to
detect faces even when they're not there. But why does this happen? Our study explores

PLOS Computational Bialagy |ntips:iidod neg/10.1371jowmal pebi 1012751 danuary 27, 2005
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Despite our fluency in reading human faces, sometimes we mistak-
enly perceive illusory faces in objects, a phenomenon known as
face pareidofia. Although illusory faces share some neural mecha-
nisms with real faces, it is unknown to what degree pareidolia
engages higherlevel sodal perception beyond the detection of a
face. In a series of large-scale behavioral experiments (Muow =
3,815 adults), we found that illusory faces in inanimate objects are
readily perceived to have a specific emotional expression, age, and
gender. Most strikingly, we observed a strong bias to perceive illu-
m’yfmasmnlernﬂlerumfumhm-alehusmuldnmhe

d by p ic or visual gender assodations
wﬂlﬂenlpmuhymlfmsmﬂemm this
robust bias in the perception of gender for illusory faces reveals a
cognitive bias arsing from a broadly tuned face evaluation system
in which minimally viable face percepts are more likely to be
perceived as male.

face perceplion | gender | bias | parcidolia | face evahsation

uman faces convey a rich amount of sodal information

heyond their identity (1-3). We are able w rapidly cvalu-
ate the age (4), pender (3, 6), and emotional expression (7) of
the faces of individuals, even if they are not known o us, in
addition to more abstract traits, such as trustworthiness and
agpressiveness (8, 9). Although these judgements are based on
visual information, bisses have been identified that suppest that
both perceptual and cognitive factors are imvolved in face evalu-
ation { 10-13). For cxample, people tend to judpe faces as closer
to their own ape {IU, 13), and damage to the amygdala is asso-
clated with perceiving unfamiliar faces as more trustworthy and
approachable (12). Biases |n face perception hu\rc imporiant
implications for unders ing the newral processing of faces
and their role in complex social behaviors (3). However, it is
still unknown to what exient these behavioral biases anse from
the tuning of the underlying facc-processing mechanisms or,
alicrnatively, from the nature of the cxperimental stimuli and
task (10, 11). Here we approach this question from a new angle
by examining face evaluation for a different dass of faces: illu-
sory faces in inanimate objects.

Face l'mrc'ld.ulia i5 the spontancous perception of illusory
facial features in inanimate objects (Fig. ]), and can be thought
of as a natural ermor of our face detection system (14-18). It
has recently been shown that ponhuman primates caq:l:n—
enec face parcidolia (14, 15), and that illusory faces engage sim-
ilar neural mechanisms to real faces in the human brain (18).
However, it is unclear to what degree higher-level social per-
ception beyond the detection of a face occurs in parcidolia.
Investigation of face evaluation in illusory faces has the poten-
tial to rowcal new msight into the underlying mechanisms of
face perception. A key feature of face paredolia s that it
involves the spontancous perception of & face in an inanimate
object, and consequently it s an eample of face perception
that s divorced from many characieristics that typically acoom-
pany the faces of lving organisms, such as the motion of facial
muscles (e, to form emotional expressions), chronological
ape, and biological sex. The primary guestion we address here

PMAS 2007 ol 119 Nou 5 e2110413119

s whether illusory faces are perceived 1o have these traits even
m the absence of their biological specification. As there is no a
prior reason why an illusory face should be perceived to have a
speafic age, pender or expression, any reliable perception of
these atinbutes would be informative about inherent properties
of the underlying system.

Studies using human faces have suggested potential biases in
the perceived charactenstics of human faces along dimensions
such as age (10, 13) and gender (10, 11, 19) under conditions of
visual uncertsinty. However, determining the potential origin
and generality of these biases has proven difficult and highlights
the fundamental challenges inherent in understanding how the
perception of specific traits is linked to face processing. Human
faces are visually complex, and our brains are incredibly well-
adapted to processing faces as a cohesive whole (20). Conse-
quently, it is challenging to empincally solate particolar aspects
of a human face (cp., biological q:x] from other interdepen-
dendies (eg., u:lcn‘tll}l} Additionally, since human faces have a
binlogically s age and gender, it is neccssary W ntro-
duce uncertainty via deliberale cxperimental mumululmn of
the stimuli. Studics of human faces have wsed various forms of
image manipulation, including removing hair (21, 22), showing
silhoucttes of faces in profile (23), adding visual noisc (24), and
synthetically pencrating faces maorphing  along  stimulus
dimensions, such as gender (10, 11, 19). A critical advantage of
wsing parcidolia to probe the tuning of the fsce-processing sys-
tem 15 that no decsions about stimulus manipulation need to

Significance

Face p is the ph 1 of perceiving illusory
faces in inanimate objects. Here we show that illusory faces
engage sodal perception beyond the detection of a face:
they hawe a perceived age, gender, and emotional expres-
sion. Additionally, we report a striking bias in gender per-
ception, with many more illusory faces perceived as male
than female. As illusory faces do not hawve a biological sex,
this bias is significant in revealing an asymmetry in our face
evaluation system given minimal information. Our result
demonstrates that the visual features that are suffident for
face detection are not generally sufficient for the perception
of female. Instead, the perception of a nonhuman face as
female requires additional f beyond that ired for

face detection.
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Despite our fluency in reading human faces, sometimes we mistak-
enly perceive illusory faces in objects. a phenomenon known as
face pareidofia. Although illusory faces share some neural mecha-
nisms with real faces, it is unknown to what degree pareidolia
engages higher-level socal perception beyond the detection of a
face. In a series of large-scale behavioral experiments (Mow =
3,815 adults), we found that illusory faces in inanimate objects are
readily perceived to have a specific emational expression, age, and
gender. Most strikingly, we observed a strong bias to perceive illu-
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robust bias in the perception of gender for illusory faces reveals a
cognitive bias arising from a broadly tuned face evaluation system
in which minimally viable face percepts are more likely to be
perceived as male.

face perception | gender | bias | parcidolia | face evaluation

uman faces convey a rich amount of sodal information

beyond their identity (1-3). We are able w rapidly cvalu-
ate the age (4), gender (5, 6), and emotional expression (7) of
the faces of individuals, even if they are not known W us, in
addition to more abstract traits, such as trusiworthiness and
agpressiveness (8, 9). Although these judgements are based on
visual information, bisses have been identificd that suppest that
both perceptual and cognitive factors are involved in face evalu-
ation {10-13). For example, people tend to judpe faces as closer
to their own age (IU, 13), and damage to the amygdala is asso-
ciated with perceiving, unfamiliar faces as more trustworthy and
approachable (12). Biases in face perception hmrc important
implications for understanding the neoral processing of faces
and their role in complex social behaviors (3). Howewer, it is
still unknown to what extent these behavioral biases anse from
the tuning of the underlying face-processing mechanisms or,
altcrnatively, from the naturc of the cxperimental stimuli and
task (10, 11). Here we approach this question from a new angle
by examining face evaluation for a different dass of faces: illu-
sory faces in inanimate objects.

Faoe Imc'ld.uliu. 5 the spontancous perception of illusory
facial features in inanimate objects (Fig. ]), and can be thought
of as a natural crror of our face detcction system 14-18). It
has recently been shown that nonhuman primates ::xpcn—

ence face parcidolia (14, 15), and that illusory faces engage sim-
|'IE|.r neural mechanisms o real faces in the human brain (18).
Howewver, it is unclear to what degree higher-level social per-
ception beyond the detection of a face occurs in parcidolia.
Investigation of face evaluation in illusory faces has the poten-
tial to roveal now msight mto the underlying mechanisms of
face perception. A key feature of face pareidolia s that it
involves the spontancous perception of a face in an inanimate
object, and conscquently it s an example of face perception
that s divorced from many characieristics that typically accom-
pany the faces of living organisms, such as the motion of facial
muscles (eg., to form emotional expressions), chronological
ape, and biological sex. ‘The primary question we address here
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s whether illusory faces are perceived o have these traits even
in the absence of their biological specification. As there is no a
priori reason why an illusory face should be perceived to have a
spedfic age, pender or expression, any reliable perception of
these atinbutes would be informative about inherent propertics
of the underlying system.

Studies using human faces have suggested potential biases in
the perceived charactenistics of human faces along dimensions
such as age (10, 13) and gender (10, 11, 19) under conditions of
visual uncertainty. However, determining the potential origin
and generality of these biases has proven difficalt and highlighis
the fundamental challenges inherent in understanding how the
perception of specific traits is linked to face processing. Human
faces are visually complex, and our brains are incredibly well-
adapted to processing faces as a cohesive whole (20). Conse-
quently, it s challenging to empincally solate particular aspects
of & human face {cg., bological ﬂ:’.’) from other interdepen-
dencies (eg., ldl:ntlly] Additionally, since human faces have a
biologically s age and gender, it is neccssary W intro-
duce uncertainty via deliberate cxperimental m.un]'.lululmn of
the stimuli. Studics of human faces have wsed varioos forms of
image manipulation, including removing hair (21, 22), showing
silhoucties of faces in profile (23), adding visual noise (24), and
synthetically penerating faces morphing  along  stimulus
dimensions, such as gender (10, 11, 19). A critical advantage of
using parcidolia to probe the tuning of the face-processing sys-
tem 15 that no decsions about stimulus manipulation need to

Significance

Face pareidolia is the ph 1 of perceiving illusory
faces in inanimate objects. Here we show that illusory faces
engage sodal perception beyond the detection of a face:
they have a perceived age, gender, and emotional expres-
sion. Additionally, we report a striking bias in gender per-
ception, with many more illusory faces perceived as male
than female. As illusory faces do not have a biological sex,
this bias is significant in revealing an asymmetry in our face
evaluation system given minimal information. Our result
demonstrates that the visual features that are suffident for
face detection are not generally sufficient for the perception
of female. Instead, the perception of a nonhuman face as
female requires additional fi beyond that ired for
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The one-is-more illusion

Original Articles

The one-is-more illusion: Sets of discrete objects appear less extended than = M)
equivalent continuous entities in both space and time o
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A related phenomenon (thanks TikTok!)
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The opposite is also true:
Semantic satiation.



Spoken language is much more
ambiguous than we realize!
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Consequences of phonological variation for algorithmic word segmentation
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ARTICLEINFO AEBESTRACT
Eeywords: Over the first year, infants begin to learn the words of thelr language. Previous woek suggests that certaln sta.
Lisspuigee atquisitios tistical regularities in speech could help infants segment the speech stream into words, thereby forming a prowo-

Comsputational modeling
Wi seprtecn it
Pranclegical variation

lexican that could support Jeaming of the eventual vocabulary, However, computational models of ward scg-
mentation have typically been tested using language input that is much less variable than actual speech is. We
show that wsing acmual, cranscribed pronundations mather than dictionary proounciadons of the same speech

leads to worse segmentation performance across models. We also find that phonolagically variable input poses
serious problems for lexicon building, because even carrectly segmented ward forms exhibit a complex, many-to.
many relationship with speakers’ intended wards. Many phonclogically distinet word forms were actually the
same Intended word, and many identical transcriptions came from different intended words. The fact that
previous models appear bo bave subsiantially overestimated the wiility of simple statistical heurlstics suggests a
need i consider the formation of the lexicon in infancy differently.

1. Introduction

Although infants are barn knowing little about their mative language,
they quickly learn a great deal from the speech they hear, Within
manths, they become familiar with their native language's sound cate-
gories (W & Tees i), as well as the relative frequency of
dlﬂ'amt Eq'nzm:s af spaeLh sounds (

Beyuml |earming about their Jmmge)}:hunulugy infants also begln to
learn words. Months before their first birthday, they recognize the
meanings of some common words, including both concrete nouns
{Be mn 2012} and a Lttle later, more abstract words
{Be 1153, and by the second half of the Arst year,
they recognize the spaken form of a wanet:.rnfwmrlsl’ﬂuuh:ﬂhﬂm\hnme
er.p:rlml.: or laboratory npﬂsu.le (Es . Halk

An important step in the process of language learning is word seg-
mentation, ar pulling out words fram the continuous stream of speech. It
is easy to understand that this is a difficult problem—one only needs to
listen to a parent speaking ©o an infant in an unfamiliar language to
recognize that it & quite hard to infer where one ward ends and the next
begins, This problem is difficult for infants twa, which is why infants

- l:nmrspnndl.ngambnr
E-mail addrestes ¢ senm.edu (C Besch), swingley@#psych.upen

Avadlable anline 12 February 2023
O010-0277 18 2023 Elsevier BV, All ights reserved.

lJesarn words more easily when they are presented in one-word utterances

than when they are embedded in longer utterances ( kind,

BN Yer uﬂmsdummg& m'l.menk utterances into parts. I.aeramcry

studies demonstrabe that infants can extract waords from their phonetic

contexts (e.g., Juscoyk & 1, 51, arsd infants have some knowledge

of grammatical words that never appear in isolation (e.g., Shi & Le
008,

Research into infants’ early discovery of words has taken bwo forms:
experiments that present continuos spesch to infants and test which
elements they retain, and computational models that evaluate what
infants might bearn were they to parse and retain speech sequences ac-
cording to a particular set of computable heuristics. The present paper
continues the latter line, but differs from most prior work in examining
the conssquences of normal phonclogical variability. When words are
realized in mere than ane way, does the phanological structure of the
lexicon still permit simple probabilistic heoristics to suoceed i pro-
ducing the foundation of the early vocabulary?

In principle, there are several cues that could be helpful in word
segmentation, ance the infant has some familiarity with phonalogical
regularities present in the lexicon. For example, in English, strong syl-
lables tend o cofncide with wond onsets, suggesting that English
speakers could learn to use stress patterns o vowel reduction patters o
detect where an unknown woerd begins [ Cutler JAE]).

1 (0. Swingley).

Recetved 15 July 2022; Received in revised form 27 December 2022 Acoepied & Febnuary 30273

heel

Fig. 2. Example many-to-many mapping. Edges between phonological word
forms (shaded) and orthographic words (white) represent attested pro-
nunciations. In this network, the same orthographic word (“he'll”) can have
multiple pronunciations ([hil] and [hil]), and a single phonological word form
can map onto multiple orthographic words and thus meanings (e.g., [hil] maps
onto both “heel” and “he'll”).

e [f1l] in the gaps wi

our prior knowledge
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Auditory perception is traditionally conceived as the perception of sounds—a
friend’s voice, a clap of thunder, a minor chord. However, daily life also seems to
present us with experiences characterized by the absence of sound—a moment of
silence, a gap between thunderclaps, the hush after a musical performance. In these
cases, do we positively bear silence? Or do we just il to bear, and merely judge
or infer that it is silent? This longstanding question remains controversial in both
the philosophy and science of perception, with prominent theories holding thar
sounds are the only objects of auditory experience and thus that our encounter
with silence is cognitive, not perceprual. However, this debate has largely remained
theoretical, without a key empirical test. Here, we introduce an empirical approach
to this theoretical dispute, presenting experimental evidence that silence can be
genuinely perceived (not just cognitively inferred). Wi ask whether silences can
“substitute” for sounds in event-based audivory illusions—empirical signarures of
auditory event representation in which auditary events distort perceived duration.
Seven experiments introduce three “silence illusions”—the one-silence-is-more illu-
sion, silence-based warping, and the oddball-silence illusion—each adapred from a
prominent perceptual illusion previously thought to arise anly from sounds. Subjects
were immersed in ambient noise interrupted by silences structurally identical 1o
the sounds in the original illusions. In all cases, silences elicited temporal distor-
tions perfectly analogous to the illusions produced by sounds. Our results suggest
that silence is truly heard, not merely inferred, introducing a general approach for
studying the perception of absence.

absenpe perception | sience | eventrepresentation | temparal iBusions

What do we hear? The canonical answer is that auditory perception i the perception of
sounidts and their properties—the pitch ofa frdend’s voice, the loudness of a thunderclap,
the timbre of a minor chord. This traditional view has considerable pedigree, with influ-
ential historical sources holding that sounds are the sole objeats of auditory perception
(1, ce£2). It is also the answer Bvored in contemporary scholarship: Prominent scientific
aceounts conceive the fundamental units of audivery perceprion as sounds (or anditory
streams comprised of sounds; ref. 3 and 4), and many philosophical theories agree, holding
thar “all audivory perception involves the perceprion of sound™ (5) and thar “if anything
atall is heard, what is heard b necessarily a sound” (6) (see also refs. 7 and 8). The perva-
siveness of this canonical view about the contents of auditory perception might seem
unsurprising—what else might we hear, if not sound?

However, there hat long been 2 stubborn and intuitive counterexample: experiences of
silence, which are characterized by the absence of sound. Silence confronts us throughour
our daily lives—consider an awkward pause in a conversation, a suspenseful gap between
thunderclaps, or the hush at the end of a musical performance. What is the nature of these
experiences’

Silence: Heard or Inferred?

Omne possibiliey is thar experiences of silence are simply cases in which we fil ro ear, and
then use our faculties of reasoning and judgment w fnfer thar it is silent. This interpretation
is affered by those who defend the raditional sound-only view of audition, holding thar
an experience of silence is merely the “cognitive accompaniment of an absence of experi-
ence” and i itsell no form of hearing™ (9). This cognitive view may be motivated by a
deeper assumption about perception, namely that we can genuinely perceive only what
is present in the world, nor what is absent (9, 10). After all, one might think, absences
are nonentities—they do nor exis—and so can hardly impinge on our sensory
apparatus.

Hewever, an alternative posaibility which arguably does more justice 1o our phenom-
enology is that we lirerally perceive silences. This interpretation has recently received

PMAS 2023 ol 120 Mo.29 e2301463120

Significance

Do we only hear sounds? Or can
we also hear silence? These
quastions are the subject of a
centuries-old philosophical
debate between two camps: the
perceptual wiew (we literally hear
silence), and the cognitive view
iwe only judge or infer silence).
Here, we take an empirical
approach to resohe this
theoretical controversy. We show
that silences can "substitute” for
sounds in event-based auditory
illusions. Sewen experiments
introduce three “silence
illusions,” adapted from
perceptual illusions previoushy
thought to arise only with
sounds. In all cases, silences
elicited temporal distortions.
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Auditory perception is lr'.ul:'l'lnn:":p conceived as the perceptian of sounds—a
friend’s voice, a Ll:p of thunder, a minor chord. However, J:'ll:p life also seems to
present us with :xp-er'lzm.‘n characterized I:}- the absence of sound—a moment of
silence, a gap between thunderclaps, the hush after a musical performance. In these
cases, do we positively bear silence? Or do we just fail 1o bear, and merely judge
or infer that it is silent? This longstanding question remaing controversial in both
the Fl'li'luwplly and science of perception, with prominent theories I'Inlil'l!l! that
sounds are the unl:r objeces of zudllur:r experience and thus that our encounter
with silence is cognitive, not perceprual. However, this debate has largely remained
theoretical, without a key empirical test. Here, we introduce an empirical approach
o this theoretical di_spul.e, presenting Exp-er'lmmlu] evidence that silence can be
gzuu:'lnel:r perceived (not just r.ugn'll'lwly inferred). We ask whether silences can
“substitute” for sounds in event-based auditory :'"us'lnn:—l:mp:'n'ul signatures aof
auditory event representation in which :u.cll'lnry events distort perceived duration.
Seven experiments introduce three “silence illusions™—the one-silence-is-more illu-
sion, silence-based warping, and the oddball-silence illusion—each adapred from a
prominent perceptual illusion previously thought to arise only from sounds. Subjects
were immersed in ambient noise interrupted by silences structurally identical 1o
the sounds in the I!l'll!l'l'lll illusions. In all cases, silences elicived lempnml distor-
tons Ferfettlr u.n:lugnu: o the illusions pwdul.'m:l I:vy sounds. Our results suggest
that silence is lrul:p heard, not unenel}- inferred, 'm!rulu::'lug a !I‘.‘llt‘l’ll :ppm:r_l'l for
studying the perception of absence.

absence perception | slence | eventrepresentation | temparal ibusions

What do we hear? The canonical answer is that auditory perception i the perception of
soundy and their properties—the pitch ofa frend's voice, the loudness of a thunderclap,
the timbre of 2 minor chord. This traditional view has considerable pedigree, with influ-
ential historical sources holding that sounds are the sole objects of auditory perception
(1, ef.2). It iz also the answer Bavored in contemporary M.llu|ur>|1ip: Prominent scientific
accounts conceive the fundamental unirs ufuudih:lr.r perception as sounds (or auditory
sSrEams Lu!tl'!lrlh.\'li)f)l:lllh’l\.'_ ref. 3 and 4), and many plul.muplli.ul thenries agree, |u:|rling
thar “all audirar ¢ perception invalves the perception ol sound” {5) and thar "ifun:,'lh:tlg
at all i heard, “‘T:I;ﬂ is heard is necessarily a sound” (6) (see also refs. 7 and 8). The perva-
siveness of this canonical view about the contents of auditory perception might seem
unsurprising—what else might we hear, if not sound?

Huowever, there has long been a stubborn and intuitive counterexample: experiences of
sifence, which are characterized by the absence of sound. Silence confronts us throughout
our daily lives—consider an awkward pause in a conversation, a suspenseful gap between
thunderclaps, or the hush at the end of a musical performance. What is the nature of these
experiences?

Silence: Heard or Inferred?

One |:|umi|:|i|1t_1.' is thar experiences of slence are .\.1tn|:||.|' cases in which w..'_ﬁr.l' o freatr, and
then use our Fculries of n.'mtmingztltl judgment o m'_,l’t"rlhut it is silene. This interpretation
is offered |:|?' those who defend the radivonal sound-only view of audition, hold ing that
an experience of silence is merely the “cognitive accom
ence” and “is itsell no form of hearing” (9). This cognitive view may be motivated by a
du.'pn.'.r ux\.un:[rliun aboit percepiion, :||;|:|||n.'|.y that we can gnu::lcl}' |:l|:m|:iv|.' nnLv wihat
is present in the world, not what is absent (9, 10). After all, one might think, absences
are nonentitiess—they do not exis—and so can hardly impinge on our sensory
Ap s,

However, an altermative possibility which arguably does more justice 1o our phenom-
enology is that we literally perceive silences. This interpretation has recently received

ment of an absence of experi-
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Significance

Do we only hear sounds? Or can
we also hear silence? These
questions are the subject of a
centuries-old philosophical
debate between two camps: the
perceptual view (we literally hear
silence), and the cognitive view
{we only judge or infer silenca).
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approach to resolve this
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that silences can “substitute® for
sounds in event-based auditory
illusions. Seven axperiments
introduce three “silence
illusions,” adapted from
perceptual illusions previoushy
thought to arise only with
sounds. Im all cases, silances
elicited temporal distortions
perfectly analogous to their
sound-baszed counterparts,
suggesting that auditory
processing treats moments of
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Food for thought:

1. We are mostly unaware of all the ambiguities in sound that
we just discussed. How/why?

2. Are there any really obvious ways in which sound
perception is not analogous to visual perception?

3. What is the deal with music?
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The one-is-more illusion
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Attentional Rhythm: A Temporal Analogue of Object-Based Attention
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The underlying units of attention are ofien discrete visual objects. Perhaps the clearest form of evidence
for this is the same-object adv ing a spatial cue, resp are faster to probes occurring
ca the same object than they are to probes occurring on other cbjects. while equating brute distance. 1s
th:lﬁnd-manllyq:lu!tf&cLutnm-ohxtMguﬂmmnlm"Weuphmﬂun
d into phrases and presented
mhuvmnllyctmd-udy Dumuque&dwhnmndpmhumh)wnhnhm
rhythmic phrase, compared to when they spanned a phrase boundary, while equating beute duration. This
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in both space and time. and in both vision

Keywords: object-based attention, thythm, music perception, aaditory perception
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The most fundamental festure of our visual experience may be
space iself, since it appears o be the medium in which all other
visual representations exist. Perhaps foe thas reason, much of the
classic woek on visual son was grounded in spatial metaph
(Fi lez-Dugue & Joh 1999), likening attention to a spol-
light or zoom lens (for a review, see Cave & Bichotr, 1999).
However, more recent research in cognitive science has revealed
that a wide range of mental p including visual 5
operate over units that are fundamentally discrete.

Obhject-Based Attention

A perfect example of such processing is object-based attention,

a class of effects in whach discrete visual objects act as units of
selection, constraining otherwise equated shifts of spatial i

and observers pressed a key in response. The cue validly peedicted
the location of the probe on most trals, but on invalid trals the
probe occurred at either the opposite end of the cued rectangle
(within object) or &t an equidistant point on the neighboring
rectangle (between object). There was 4 same-object advantage:
On invalidly cued mals, observers responded faster to within-
object than between-object probes. The mechanisms underlying
such effects have been explored and debated in dozens of subse-
quent studies (Chen, 2012; Scholl, 2001).

Structure in Space
Despate the name object-based attention, several resulis suggest
nmobjecupaszmmnmmd.mstypeo{enmhasaho

(for reviews. see Chen, 2012 Scholl. 2001). Perhaps the most
direct evidence foe this comes from demoastrations of same-object
advantages in spatial shifts of attention. In a classic demonstration
of xhis eﬂeﬂ (Eg!y. Dnvez & Rafal, 1994), observers viewed two
gles. with their attention cued by a lumi-
nance d:ange to an end of one rectangle (see Figure 1A). AM a
brief delay, a peobe appeared at an end of cne of the

been d d with groups (e.g., Dodd & Prat, 2005), parts

(e.g.. Barenboltz & Feldman, 2003: Vecera, Belrmann, & McGol-

drick, 2000), surfaces {e.g.. He & Nakayama, 1995), and texture

flows (e.g., Ben-Shahar, Scholl, & Zucker, ’(Xn)—mlely nﬂeﬁ

ing the same underlying general fl of

Similarly, studies of individual cues 10 d have led
"ob,ecl" advantages even 10 types of structure tha lack key

ik
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fi of objects, such as closure (Avrahami, 1999,
Marine & Scholl, 2005) and connectedness (Ben-Shahar et al,
2007; Feldman, 2007). We may conclide that “object-based atten-
tion" m really a more general phepomenon, in which spatial
is infl d by visual (of many kinds).

Structure in Time
But how general? Object-based attention has traditionally been
con:eptﬂnndinlmofa pecifi dality (visual
and di won (i cing spatial ). Here we explore

whether object-based attention may reflect an even more abstract




Effects like the one-is-more illusion
suggest deep connections between
vision and audition, between the

processing of space and time
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Abstract

Objects and events are fundamental units of perception: Objects structure our
experience of space, and events structure our experience of time. A striking and
counterintuitive finding about object representation is that it can warp perceived space,
such that stimuli within an object appear farther apart than stimuli in empty space. Might
events distort perceived time in the same way objects distort perceived space? Here,
four experiments (N=400 adults) show that they do: Just as stimuli within an object are
perceived as farther apart in space, stimuli within an event are perceived as further
apart in time. Such “Event-based Warping” is elicited both by events characterized by
sound (E1), as well as events characterized by silence (E2). Moreover, these effects
cannot be explained by surprise, distraction or attentional-cueing (E3), and also arise
cross-modally (from audition to vision; E4). We suggest that object-based warping anq
event-based warping are both instances of a more general phenomenon in which
representations of structure — whether in space or in time — generate powerful and
analogous perceptual distortions.

Public significance statement

Perception segments sensory input received across continuous time into discrete
events. For instance, when we listen to a musical piece, our auditory system segments
continuous sound waves into the discrete musical notes, phrases, and motifs that we
hear. Whereas much previous work has focused on the effects of event segmentation
on downstream processes that depend on it (such as attention and memory), here we
show that event segmentation can produce an upstream effect, distorting our
experience of time itself — the very time that was segmented into events in the first
place.

Keywords
event segmentation | time perception | multisensory processing
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Objects and events are fundamental units of perception: Objects structure our

experience of space, and events structure our experience of time. A striking and
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Auditory perception is lr'.ul:'l'lnn:":p conceived as the perceptian of sounds—a
friend’s voice, a Ll:p of thunder, a minor chord. However, J:'ll:p life also seems to
present us with :xp-er'lzm.‘n characterized I:}- the absence of sound—a moment of
silence, a gap between thunderclaps, the hush after a musical performance. In these
cases, do we positively bear silence? Or do we just fail 1o bear, and merely judge
or infer that it is silent? This longstanding question remaing controversial in both
the Fl'li'luwplly and science of perception, with prominent theories I'Inlil'l!l! that
sounds are the unl:r objeces of zudllur:r experience and thus that our encounter
with silence is cognitive, not perceprual. However, this debate has largely remained
theoretical, without a key empirical test. Here, we introduce an empirical approach
o this theoretical di_spul.e, presenting Exp-er'lmmlu] evidence that silence can be
gzuu:'lnel:r perceived (not just r.ugn'll'lwly inferred). We ask whether silences can
“substitute” for sounds in event-based auditory :'"us'lnn:—l:mp:'n'ul signatures aof
auditory event representation in which :u.cll'lnry events distort perceived duration.
Seven experiments introduce three “silence illusions™—the one-silence-is-more illu-
sion, silence-based warping, and the oddball-silence illusion—each adapred from a
prominent perceptual illusion previously thought to arise only from sounds. Subjects
were immersed in ambient noise interrupted by silences structurally identical 1o
the sounds in the I!l'll!l'l'lll illusions. In all cases, silences elicived lempnml distor-
tons Ferfettlr u.n:lugnu: o the illusions pwdul.'m:l I:vy sounds. Our results suggest
that silence is lrul:p heard, not unenel}- inferred, 'm!rulu::'lug a !I‘.‘llt‘l’ll :ppm:r_l'l for
studying the perception of absence.

absence perception | slence | eventrepresentation | temparal ibusions

What do we hear? The canonical answer is that auditory perception i the perception of
soundy and their properties—the pitch ofa frend's voice, the loudness of a thunderclap,
the timbre of 2 minor chord. This traditional view has considerable pedigree, with influ-
ential historical sources holding that sounds are the sole objects of auditory perception
(1, ef.2). It iz also the answer Bavored in contemporary M.llu|ur>|1ip: Prominent scientific
accounts conceive the fundamental unirs ufuudih:lr.r perception as sounds (or auditory
sSrEams Lu!tl'!lrlh.\'li)f)l:lllh’l\.'_ ref. 3 and 4), and many plul.muplli.ul thenries agree, |u:|rling
thar “all audirar ¢ perception invalves the perception ol sound” {5) and thar "ifun:,'lh:tlg
at all i heard, “‘T:I;ﬂ is heard is necessarily a sound” (6) (see also refs. 7 and 8). The perva-
siveness of this canonical view about the contents of auditory perception might seem
unsurprising—what else might we hear, if not sound?

Huowever, there has long been a stubborn and intuitive counterexample: experiences of
sifence, which are characterized by the absence of sound. Silence confronts us throughout
our daily lives—consider an awkward pause in a conversation, a suspenseful gap between
thunderclaps, or the hush at the end of a musical performance. What is the nature of these
experiences?

Silence: Heard or Inferred?

One |:|umi|:|i|1t_1.' is thar experiences of slence are .\.1tn|:||.|' cases in which w..'_ﬁr.l' o freatr, and
then use our Fculries of n.'mtmingztltl judgment o m'_,l’t"rlhut it is silene. This interpretation
is offered |:|?' those who defend the radivonal sound-only view of audition, hold ing that
an experience of silence is merely the “cognitive accom
ence” and “is itsell no form of hearing” (9). This cognitive view may be motivated by a
du.'pn.'.r ux\.un:[rliun aboit percepiion, :||;|:|||n.'|.y that we can gnu::lcl}' |:l|:m|:iv|.' nnLv wihat
is present in the world, not what is absent (9, 10). After all, one might think, absences
are nonentitiess—they do not exis—and so can hardly impinge on our sensory
Ap s,

However, an altermative possibility which arguably does more justice 1o our phenom-
enology is that we literally perceive silences. This interpretation has recently received

ment of an absence of experi-
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Significance

Do we only hear sounds? Or can
we also hear silence? These
questions are the subject of a
centuries-old philosophical
debate between two camps: the
perceptual view (we literally hear
silence), and the cognitive view
{we only judge or infer silenca).
Here, we take an empirical
approach to resolve this
theoretical controversy. We show
that silences can “substitute® for
sounds in event-based auditory
illusions. Seven axperiments
introduce three “silence
illusions,” adapted from
perceptual illusions previoushy
thought to arise only with
sounds. Im all cases, silances
elicited temporal distortions
perfectly analogous to their
sound-baszed counterparts,
suggesting that auditory
processing treats moments of
silence the way it treats sounds.
Silence is truly perceived, not
merely inferrad.
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Other interactions between space
and time.
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Interactions between time and memory
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Abstract

Our experience of time can feel dilated or compressed, rather than reflecing tue “clock time.” Although many
contextual factors influence the subjective perception of time, it is unclear how memory accessibility plays a role in
constructing our experience of and memory for time. Here, we used a combination of behavioral and functional MRI
measures in healthy young adults (V= 147) to ask the question of how memory i incorporated into temporal duration
judgments. Behaviorally, we found that event boundaries, which have been shown to disrupt ongoing memaory
integration processes, result in the temporal compression of duration judgments. Additicnally, using 2 multivoxel
pattern similarity analysis of functional MRI data, we found that greater temporal pattern change in the left hippocampus
within individual trials was associsted with longer duration judgments. Together, these data suggest that mnemonic
processes play a role in constructing rf.pn.ﬂml:!linn.-;m' time.
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An hour, once it lodges in the queer element aof clapsed time. In particular, uhrupt shifts in context, or
the human spirit, may be stretched to ﬁl't}' or a event boundaries, influence MEmaory for time. Memory
hundred times its clock length; on the other hand, for the temporal order of events is disrupted across
an hour may be accurately represented on the event houndaries (DuBrow & Davachi, 2003; Heusser
timepicce of the mind by one second. et al., 2018; Horner et al., 2016). Further, intervals that

contain an event boundary are remembered as longer
than equivalently timed intervals without a boundary
(Clewert et al., 2020; Ezeyat & Davachi, 2014), and
mnemonic duration judgments scale with the number
of events (Faber & Gennari, 2015, 2017; Lositsky et al
2016). Such findings converge with the intuition that
busy days feel long in memory: Events may serve to
dilate time in memory. How, though, do events also
result in tme fttiing 5uhi|:|:tiv\':l}' shorter in the moment?

Event houndaries also influence memaory on the more
immediate time scale of waorking memary by reducing

—Virginia Woalf (1928)

On a busy vacation, time may escape you—by the time
you go to the muscum, grab lunch in the park, shop
for souvenirs, and visit a historical site, the day may
seem to have flown by, Yet when recalling the trip to
a friend, that same day may feel like a week; all of those
events could not have possibly occurred within the
same few houwrs. This puzzle raises a fundamental ques-
tion of how the structure of experience can paradoxi-
cally influence subjective impressions of time in
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experience and in reflection.
A great deal of work has focused on the latter: how the
structure of experience influences how we remember
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Abstract

Our experience of time can feel dilated or compressed, rather than reflecting true “clock time.” Although many
contextual factors influence the subjective perception of time, it is unclear how memory accessibility plays a role in
construding our experience of and memory for time. Here, we used a combination of behavioral and functional MRI
measures in healthy young adults (V= 1470 to ask the question of how memory is incorporated into temporal duration
judgments. Behaviorally, we found that event boundaries, which have been shown o disrupt ongoing memaory
integration processes, result in the temporal compression of duration judgments. Additionally, using 3 multivosel
pattern similarity analysis of Functional MRI data, we found that greater temporal pattern change in the lefit hippocampus
within individual trials was associsted with longer duration judgments. Together, these data suggest that mnemaonic
processes play a role in constructing representations of time.

Keywords

time estimation, memory, event boundaries, neuroimaging
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An hour, once it lodges in the queer element of
the human spirit, may he stretched o fifty or a
hundred times its clock length; on the other hand,
an hour may be accurately represented on the
timepiece of the mind by one second.

clapsed time. In particular, abrupt shifts in context, or
event boundaries, influence Memaory for time. Memory
for the temporal order of evenis is disrupted across
event boundaries (DuBrow & Davachi, 2013; Heusser
et al., 2018; Horner et al., 2016). Further, intervals that
contain an event boundary are remembered as longer
than equivalently timed intervals without a boundary
(Clewert et al., 2020; Ezeyar & Davachi, 2014), and
mnemonic duration judgments scale with the number
of events (Faber & Gennari, 2005, 2017; Lositsky et al_,
2016). Such findings converge with the intuition that
busy days feel long in memory: Events may serve o
dilate time in memory. How, though, do events also
result in time ch1ing subjectively shorter in the moment?

Event houndaries also influence memory on the more
immediate time scale of working memary by reducing

—Virginia Woolf (1928)

On a busy vacation, time may escape you—by the time
you go to the muscum, grab lunch in the park, shop
for souvenirs, and visit a historical site, the day may
seem to have flown by, Yet when recalling the trip to
a friend, that same day may feel like a week; all of those
events could mot have possibly cccurred within the
same few hours. This puzzle raises a fundamental ques-
tion of how the structure of experience can paradoxi-
cally influence subjective impressions of time in
experience and in reflection.

Corresponding Authos:
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A great deal of work has focused on the latter: how the
structure of experience influences how we remember

Peychology
Email: brynnsi#sas upenn edu

Exp 1
0.5-5sec

d C e

Continuous

Time ———»

Boundary

Time ——»

N

Duration
Judgment

26 _EkEE 26
2.4

22

2.0 -

Duration Judgment (sec)

M Continuous ™ Boundary

Exp 2 Exp 3 Exp 4
0.5-5sec

0.5-5 sec 2-8sec

(=]

8 sec Only:
26

2.2 1

2.0

I . ]
100% 75% S50% 25%

HE
Abrupt Gradual



e— 5 OCIATION FOR
Research Article PSYCHOLOGICAL SCIENCE

Pevolwdogaesl Soichie

1-17

e At 2 a b
Adtichs seuse guiddines

g sk ot o b pernissaons

DO 1001 17756976221 129533

Mnemonic Content and Hippocampal

Patterns Shape Judgments of Time

Visual Cortex Left Hippocampus

wn preyec helogicalscience ong PS5

§ISAGE Event Similarity Analysis

Brynn E. Sherman'(®, Sarah DuBrow”, Jonathan Winawer®(,
and Lila Davachi*®

'Depanmen: of Psychology, University of Permsylvania; “Deparmmen: of Psychology, University of Cregon;
“Deparimen: of Psychology and Center for Neurl Scence, New York University; “Depariment of Psychology,
Columbia University; and *Depariment of Clinical Reseanch, Nathan Bline Institute for Psychiatric Ressarch

el 1 H l I
rcon
Abstract —p

Our |.".xp‘.'rh:nr.'|: m‘ time rT';m ﬁ:u-l d-iL‘.I.h-.‘d of C.t}l'n[?ln:.-i:h:d.. r.l.th.cr. .th;m- reflecting true ‘clm.jk. tll'm.- Althmflgh many E Within-Event E E Across-Event 0.25 -
contextual factors influence the subjective perception of time, it is unclear how memory accessibility plays a role in . o
voxeln [l Similarity [ B Similarity W

construding our experience of and memory for time. Here, we used a combination of behavioral and functional MRI
0.20 4
0.15 4
Same Color Comparison 0104

Continuous Boundary
| | |
H r bound = C

A

=

*

ity {2)
'3

judgments. Behaviorally, we found that event boundaries, which have been shown to disrupt ongoing memory
integration processes, result in the temporal compression of duration judgments. Additionally, using a multivoxel
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An hour, once it lodges in the queer element of
the human spirit, may he stretched o fifty or a
hundred times its clock length; on the other hand,
an hour may be accurately represented on the
timepiece of the mind by one second.

—Virginia Woolf (1928)

clapsed time. In particular, abrupt shifts in context, or
event boundaries, influence Memaory for time. Memory
for the temporal order of evenis is disrupted across
event boundaries (DuBrow & Davachi, 2013; Heusser
et al., 2018; Horner et al., 2016). Further, intervals that
contain an event boundary are remembered as longer
than equivalently timed intervals without a boundary
(Clewert et al., 2020; Ezeyar & Davachi, 2014), and
mnemonic duration judgments scale with the number -
of events (Faber & Gennari, 2005, 2017; Lositsky et al_,
2016). Such findings converge with the intuition that I-
busy days feel long in memory: Events may serve o [ ]
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On a busy vacation, time may escape you—by the time
you go to the muscum, grab lunch in the park, shop
for souvenirs, and visit a historical site, the day may
seem to have flown by, Yet when recalling the trip to
a friend, that same day may feel like a week; all of those
events could mot have possibly cccurred within the
same few hours. This puzzle raises a fundamental ques-
tion of how the structure of experience can paradoxi-
cally influence subjective impressions of time in

Color Similar

o SP O TICE © i =Fle=cti ¥ -
experience and .m reflection. Brynn E. Sherman, University of Pennsyhania, Depanment of
A great deal of work has focused on the latter: how the Peychalogy

structure of experience influences how we remember

Email: brynnsi#sas upenn edu



"

“Our everyday experiences convey a powerful truth: Our perception of time often
diverges from the reality of time. When enjoying an active vacation with family, time
moves quickly: Hours go by in minutes. When sitting through an unnecessary
meeting, time moves slowly: Minutes go by in hours. What is the origin of these
phenomenologically compelling illusions of time perception? Past research has
examined how a range of specific factors, from emotions to blinking, contributes to the
distortion of time. Here, in contrast, we evaluated how the content and accessibility of
our memories shape time perception. We show that context shifts, known to disrupt

memory processing, also lead to robust contractions of perceived time.”
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Abstract

Experiences are stored in the mind as discrete mental units, or ‘events,” which influence—and are influenced by—attention,
learning. and memory. In this way. the notion of an *event’ is foundational to cognitive science. However, despite tremendous
progress in understanding the behavioral and neural signatures of events, there is no agreed-upon definition of an event. Here,
we discuss different thearetical frameworks of event perception and memory, noting what they can and cannot account for in the
litcrature. We then highlight key aspects of events that we believe should be accounted for in theories of event processing—in
particular, we argue that the structure and substance of events should be better reflected in our theories and paradigms. Finally,
we discuss empirical gaps in the event cognition literature and what the future of event cognition research may look like.

Keywords Event cognition - Memory - Atiention - Prediction error - Perception - Event boundaries

Time is divided into years, which are divided into months,
days, hours, and minutes. However, our cxperience is not rep-
resented in these arbitrary units; rather, our lives are divided
into events which may span moments, months, or decades.
This is to say that the units of rime {(months, days. hours, and
minutes ) are nof the same as the units of experience (Cevents' )

The notion that experience is subdivided into events has
become a foundational idea in cognitive science. It offers a
way of describing how mental representations of experience
(which are often discrete) differ from reality (which is often
more continuous ). Onee we label those mental represcnta-
tions (ie., as events), we can search for them in the mind
and brain (Baldassano et al., 2017; Ezzyat & Davachi, 201 1;
Heusser et al., 2006) and make predictions about how people
will attend to and/or remember certain experiences.

Bui what is an event exacily? Events have been defined
based on subjective ratings (e.g., Newtson, 1973), neural
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representational similarity measures (Baldassano et al., 2017,
Geerligs etal., 2021), and by measuring the influence of iempo-
ral structure on memary (Clewett & Davachi, 2017) or percep-
tion {Liverence & Scholl, 2012; Meyerhoff et al., 2015; Sher-
man, DuBrow et al., 2023; Yousif & Scholl. 2019). Events have
been described as discreie moments in time lasting as short as
hundreds of milliseconds {Michotte, 1963) as well as extended
periods of time lasting as long as centuries (Teigen et al, 3017;
see also Sastre et al.. 2022). They have been likened to visual
objecthood and attention (see, e.g., Casati & Varzi, 2008; De
Freitas ct al., 2014; Ji & Papafragou, 2022 Tversky ctal., 2008;
Zacks & Tversky, 2001}, and they have also been argued to
reflect inferences about the causal structure of the world (Shin
& DuBrow, 2021; see also Radvansky, 2012). They have been
studied in vision {e.g., Tauzin, 2015). in memory {e-g., DuBrow
& Davachi, 2013), in language (e.g.. Unal et al., 2021), and in
more naturalistic scenarios (e.g., Sasire ef al., 2022; Swallow
et al.. 2018). Boundaries between them can be triggered by
anything from movement through a doorway (Radvansky &
Copeland, 2006; Radvansky ct al.. 2010, 2011; sec also Rad-
vansky, 2012). to a change in background cobor (Heusser etal
201E), to the movement of dots (Ongchoco & Scholl, 2019).
This complexity has led some o avoid concrete definitions
altogether; Schwartz (2008} presciently wrote that events are
merely “what we make of them™ (p. 1).

In some ways, it may be easy to say what an event is It
is any discrete expericnce. However, it is much harder o
say what an event is not. If something as simple as walking

4} springer



Paychanamic Bulletin & Review
hitrps: /ol orgd 10375851 3423-023-023114

THEORETICAL/REVIEW

|Eluﬂlhr
Uy

More than a moment: What does it mean to call something an‘event'?

Tristan S. Yates' © . Brynn E. Sherman® - Sami R. Yousif®

Accepted: 14 May 2023
© The Peychonomic Society, Inc. 2023

Abstract
Experiences are stored in the mind as discrete mental uni
learning. and memory. In this way. the notion of an ‘even
progress in understanding the behavioral and neural sic
we discuss different theoretical frameworks of event po
litcraturc. We then highlight key aspecis of cvents
particular, we argue that the structure and substanc:
we discuss empirical gaps in the event cognition |

Keywords Event cognition - Memory - Atientio

Time is divided into years, which are divided in
days, hours, and minutes. However, our expericnos
resented in these arbitrary units; rather, our lives a
into events which may span moments, months, or d

This is to say that the units of rime {months, days, hours. r-

minutes ) are nof the same as the units of experience ("event:

The notion that experience is subdivided into events has
become a foundational idea in cognitive science. It offers a
way of describing how mental representations of experience
(which are often discrete) differ from reality (which is often
more continuous ). Onee we label those mental represcnta-
tions (ie., as events), we can search for them in the mind
and brain (Baldassano et al., 2017; Ezzyat & Davachi, 201 1;
Heusser et al., 2006) and make predictions about how people
will attend to and/or remember certain experiences.

Bui what is an event exacily? Events have been defined
based on subjective ratings (e.g., Newtson, 1973), neural

[ Tristan . Yabes
tristan. yatesiF yabe. edu

[ Brynm E. Sherman
bryans & s upenn.edu

[ Sami B. Yousif
sryousi F6 sas upenn.edu

! Department of Psychalogy, Yale University, New Haven,
CT. USA

Diepartment of Prychology, University of Pennsylvania,
Philadelphia. PA, USA

Published onling: 05 July 2023

-

Facks & Tw:rsh:y )
reflect inferences sbuutﬂlecsusal structure of the world (Shin
& DuBrow, 2021; see also Radvansky, 2012). They have been
studied in vision {e.g., Tauzin, 2015). in memory {e-g., DuBrow
& Davachi, 2013), in language (e.g.. Unal et al., 2021), and in
more naturalistic scenarios (e.g., Sasire ef al., 2022; Swallow
et al.. 2018). Boundaries between them can be triggered by
anything from movement through a doorway (Radvansky &
Copeland, 2006; Radvansky ct al.. 2010, 2011; sec also Rad-
vansky, 2012). to a change in background cobor (Heusser etal
201E), to the movement of dots (Ongchoco & Scholl, 2019).
This complexity has led some o avoid concrete definitions
altogether; Schwartz (2008} presciently wrote that events are
merely “what we make of them™ (p. 1).

In some ways, it may be easy to say what an event is It
is any discrete expericnce. However, it is much harder o
say what an event is not. If something as simple as walking

4} springer



Paychanarmic Bulletin & Review
g/ idoiorg10.3758/513423-023-0231 14

THEORETICAL/REVIEW

More than a moment: What does it mean to call something an‘event’?
Tristan S. Yates' © . Brynn E. Sherman® - Sami R. Yousif®

Accopted: 14 May 2023
& The Psychanemic Seciety, Ine. 2023

Abstract

Experiences are stored in the mind as discrete mental units, or “events,” which influence—and are influenced by—atiention,
learning. and memory. In this way. the notion of an ‘event’ is foundational to cognitive science. However, despite tremendous
progress in understanding the behavioral and neural signatures of events, there is no agreed-upon definition of an event. Here.
wie discuss different theoretical frameworks of event perception and memaory, noting what they can and cannot account for in the
literaturc. We then highlight key aspecis of cvents that we belicve should be accounted for in theorics of cvent processing—in
particular, we argue that the structure and substance of events should be better reflected in our theories and paradigms. Finally,
we discuss empirical gaps in the event cognition literature and what the future of event cognition research may look like.
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Time is divided into years, which are divided into months,
days, hours, and minutes. However, our experience s not rep-
resented in these arbitrary units; rather, our lives are divided
into events which may span moments, months, or decades.
This is to zay that the units of rime {months, days, hours, and
minutes) are not the same as the units of experience ("events' ).

The notion that experience is subdivided into events has
become a foundational idea in cognitive science. It offers a
way of describing how mental representations of experience
(which are often discrete) differ from reality (which is often
more continwous). Once we label thosc mental represcnia-
tions {ie., as events), we can search for them in the mind
and brain (Baldassano et al., 20017; Ezzyat & Davachi, 2011;
Heusser et al., 2006) and make predictions about how people
will attend to and/or remember ceriain experiences.

Bui what is an event exactly? Evenis have been defined
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representational similarity measures (Baldassano et al., 2007
‘Groerligs et al.. 2021), and by measuring the influence of wmpo-
ral structure on memory (Clewett & Davachi, 2017) or percep-
tion { Liverence & Scholl, 2002; Meyerhoff et al_, 2015; Sher-
man, DuBrow et al., 2023; Yousit & Scholl, 2019). Events have
been described as discrete moments in time lasting as short as
hundreds of milliseconds (Michotie, 1963) as well as extended
periods of time lasting as long as centuries (Teigen et al . 2017;
sge also Sastre et al., 2022). They have been likened to visual
objecthood and attention (sec, ¢.g-, Casati & Varzi, 2008; De
Freitas ct al., 2014; Ji & Papafragou, 2022; Tversky ctal., 2008;
Zacks & Tversky, 2001}, and they have also been argued to
reflect inferences about the cansal structure of the world (Shin
& DuBrow, 2021; see also Radvansky, 20012). They have been
studied in vision {e.g., Tauzin, 2015). in memory {e.g., DuBrow
& Davachi, 2013), in language (e.g.. Unal et al., 2021), and in
more naturalistic scenarios (e.g., Sastre et al., 2022; Swallow
et al.. 201 8). Boundaries between them can be triggered by
anything from movement through a doorway (Radvansky &
Copeland, 2006: Radvansky ct al., 2010, 2011; sec also Rad-
vansky, 20012}, to a change in background color (Heusser et al.,
2018), to the movement of dots {Ongchoco & Scholl, 2019).
This complexity has led some to avoid concrete definitions
altogether; Schwartz (2(08) presciently wrote that events are
merely “what we make of them™ (p. 1)

In some ways, it may be easy to say what an event is: It
is anmy discrete expericnce. However, it is much harder to
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Discrete Events as Units of Perceived Time

Brandon M. Liverence and Brian J. Scholl
Yale University

In visual images, we perceive both space (as a coatinuous visual medium) and objects (that inhabit
space). Similarly, in dynamic visual experience. we perceive both continuous time and discreie events.
‘What i the relationship between these units of experience? The most intuitive answer may be similar to
the spatial case: time is perceived as an underlying medium, which is later segmented into discrete event
n:pl:sunm Here we explore the opposite possibility—that our subjective experience of time itself

can be i d by bow durations are i 'bcymdmeperll:ﬂw:ofmng
and complexity. w::llawlhulh:nyn"h:h it dy duplnyls into discrete
umnits {via a patk shueffli pulation ) greatly i duration j de dent of psycho-
physical factors previously mmpls d in time mch-otmlsnmnhsmﬂgy attention and

predictability. hmdﬂlnmymﬂumddmmenmﬂhbu&mlﬂ‘m
them-—in our subjective experience as part of the raw material for mferning the strength of the underlying

“cument” of time.

Keywords: time dilation, event

“Time is a sort of river of passing events, and strong is its
"
—Marcus Aureli
tions, IV. 43)

(1909-1914, [translated

| Medita-

In the physical world, time seems 10 flow inexorably forward,
and a.lways at the same objective pace (see Carroll, 2010). In
our exy in the pace at which time
seems to flow can speed up or slow down, as a function of
lower-level variables such as stimulus energy (e.g.. Brown,
1995). and higher-level factors such as aention (e.g.. Tse,

Intriligator, Rivest, & Cavanagh, 2004) and predictability (e.g..
Pariyadath & Eagl 2007)_(‘ visual input is also
carved up in ouf bj i into di units. so

that we perceive durations as bmng filled by particular events.
There is iderabl observers on where
such units begin and end across a wide range of stimuli (e.g.,
Zacks, 2004: Zacks, Speer, & Reynolds, 2009). and discrete
event rep ions also infl ion and memory for
dynamic scenes (e.g.. Levin & Varakin, 2004; Swallow, Zacks,
& Abrams, 2009).

object

How do these two primary fi of our d:
experience—time and events—relate 10 each aha” Innnuvely.
time is the underlying medi for event seg the
“river” on which events flow. Here, in contrast, we explore the
pouibilixythal bjective time is infly d by how temporal

is d into di events. This study is inspired
hy analogous explomons of space and object perception: lbough
qncesemshkﬂhtmdedymg di faob’e« greg the
way in which ¥ d into di

objects mﬂuences spatial pm:epuon (e g Vickery & Chun, 2010).
attention (e.g., Scholl. 2001), and memory (e.g.. Luck & Vogel,
1997). Might the underlying “units” of time perception be simi-
larly discrete?

Experiment 1: Path Shulﬁng

Here we explore whethy ! jud are infl d by
mcndamlwsualevcnlscgmcuuuon.Tosolazardcl‘o'segmm
tation, we used animations of simple shapes that could be carefully
controlled, mwmcmsmsmbedmnmpleandmu-
versal visual properties such as objecthood and sp P

continuity. ln particular, an object moving along a continuous

This article was published Online First February 27, 2012

Brandon M. Liverence and Brian J. Scholl, Department of Psychology,
Yale University.

For helpful conversation and/or comments on carlier drafis, we thank
Marc Buchner, Todd Horowitz, Josh New, Barbara Tversky, John
Wearden, and the members of the Scholl and Chun kabs at Yale
University.

Correspondence concerning this article should be addressed to Bran-
doa M. Liverence or Brian J. Scholl, Department of Psychology, Yale
University, Box 208205, New Haven, CT 06520.8205. E-mail:
brandon li .edu, brian. yale.edu

P g ‘puhis ‘lobeasinglepersixﬁngindi\-id-
ual, wh 10 p

rem!lmmepuceplo(mnhpk mdependemobpcu(fmanvhw
see Scholl, 2007). This kind of cue—the perceived disappearance
of old objects followed by the appearance of new objects—has
been found in previous work 1o induce event boundaries (e.g..
Zacks et al., 2009).

To induce event segmentation in the current study, we intro-
duced stark spatiotemporal gaps into brief animations of a single
moving object {e.g.. Figure 1). When the resulting segments are
played “in order” (on “Forwards” tnals), observers see a single
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Keywords: Weels are divided into weekdays and kends; years into and seasoes; lives into stages like child.
i ropmymmmiion heed, adulthood, and adolescence. How dars the struchare of experience shape memery? Theugh much wark has
Epicodic memary examined event representation in human cognition, lirthe work has explored event representation at the scale of
Tampassl mmary ardinary experience. Here, we use shared experiences — In the form of popular television shows — to explore

how memaries are shaped by event sinscture at a large scale. We find that memaries for events in ihese shows
exchibit several hallmarks of event cognition. Namely, we find that memaries are organized wiih respect to their
event structure (boundaries), and that beginnings and endings are better remembered ar multiple levels of the
event hicrarchy simultaneously. These patterns scem io be partdally, but mot fully, explained by the perceived
story-relevance of events. Lasily, using a longiudinal design, we also show how event representations evolve
aver periods of several months. These results affer an understanding of event cognition at the scale of ordinary

human lives.

Experiences are complex and varied, but our memories of them are
structured in the form of discrete events. We remember our high schoal
years as distinet from our college years and those years as distinet from
everything after. We remember our summer months as distinct from the
grind of the semester. We remember our weskdays as distinet from our
weekends.

A significant body of work in psychology and cognitive science has
been interested in the nature of event representation — how it is that we
CArve contimmous experience up into discrete ‘units” (for reviews, see
Radvansky & Zacks, 2011; Shipley & Zacks, 2008; Yates, Sherman, &
Yousif, 20273 Zacks 2020). Most of this work, unsurprisingly, has
foruged an events that can be easily studied in the laborastory: events
with a simple Hnear seructure, typically lasting seconds, mimstes, or
hours, 3t most. Yet our lives unfold not on the timescale of moments ar
minutes, but weeks and months and years, And any one ‘moment’ may
e part of a representation at multiple scales (e.g., on a Friday afernoon,
an the 9th of October, in the year 2020). Moseover, cur lives are not eae
single narrative: There are overlapping plots, a revolving door of char-
acters, and unexpected twists (see Comway, 1996), What does event
representation look like at this scale — for events that share the *texture’
of ardinary experience?
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1. Event representation at shorter vs. longer timescales

In everyday language as well as in cognitive science, an “event” may
L, 20271 Same work eme
sky & Copelamd, 2006
tadvaniky, Krawietz, & Tamplin, 2011; Radvansky, Tamplin, & Kra
ez, 20105 see also Radvansky, 20121 Other work subthy manipalates
context (eg., a change foom an arange o a purple background; DuBirow
& Davachi, 2 DuiBrow & D , 20016; Exzyat & Davachi, 2004;
Heusser, Exryat, Shiff, & Davachi, 200 8). Yet other woark relies an more
maturalistic events, in the form of written stories (Copeland, Radvansky,
& Goodwin, 200% Doslen & Radvansky, 2021, 2022, S Facks, &
¥ MW7) or viden media (eg., Baldassano et al, 2017; Yapes

., 202X, Tacks, Speer, Swallow, & , 2010). While these studies
certainly reveal something about the nature of event processing, they do
mot fully reflect the richnes of oedinary experience (but see T X
Bihm, Bruckmiiller, Hegarty, & Luminet, 2017; Rouhani et al.
Current theories of event cognition point o two infloential ideas
about event representation. The first is the notion that event boundaries
influence memaory in a variety of ways. For instance, boundaries influ-
ence associative memary: The temporal order of ifems across events is
e easily confused than temporal order within events, suggesting that
temporal memory s organized around event structure o Some extent
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ARTICLEINFO ABSTRACT

Keywendi: Weeks are divided into weekdays and weekends; years into semesters and seasons; lives into stages like child.
i repemmminiien hood, adulthood, and adolescence. How does the structure of experience shape memory? Though much wark has
examined event representation in human cogrition, litile wark has explored event representation ai the scale of
ardinary experience. Here, we use shared experiences — In the form of popular television shows — to explone
how memaries are shaped by event sinscture at a large scale. We find that memaries for events in these shows
exchibdt several hallmarks of event cogniticn. Namely, we find that memaries are organized wiih respect to their
event struchare (bowndaries), and that beginnings and endings are better remembened ar multiple levels of the
event hierarchy simultanecusly. These patterns scem o be partdally, but mot fully, explained by the perceived
stary-relevance of events. Lastly, using a longiudinal design, we also show how event representations evolve
over periods of several months. These results offer an understanding of event cognition at the scale of ordinary
human lives.
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minutes, but weeks and months and years. And any one ‘moment’ may
e part of a representation at multiple scales {e.g., on a Friday afterncon,
aa the Sth of October, in the year 2020). Moreover, our lives are not cae
single narratives There are overlapping plots, a revolving door of char-
acters, and unexpected twists (see Cor 1996). Whar does event
representation look like at this scale — for events that share the ‘texture”
of ovdinary experience?
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The Effect of Predictability on Subjective Duration

Vani Pariyadath’, David Eagleman®*

1 Department of Neuroscience, Baylor College of Medicine, Houston, Texas, United States of America, 2 Department of Psychistry, Baylor College of
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Events can sometimes appear longer or shorter in duration than other events of equal length. For example, in a repeated
presentation of auditory of visual stimuli, an unexpected object of equivalent duration appears to last langer. lllusions of
duration distortion beg an important question of time representation: when durations dilate or contract, does time in general
slow down or speed up during that moment? In other words, what entailments do duration distortions have with respect to
other timing judgments? We here show that when a sound or visual flicker ks presented in conjunction with an unexpected
wisual stimulus, neither the pitch of the sound nor the frequency of the flicker ks affected by the apparent duration dilation.
This demonstrates that subjective time in general is not slowed: instead, duration judgmenis can be manipulated with no
concurrent impact on other temporal judgments. Like spatial vision, time perception appears to be underpinned by
a collaboration of separate neural mechanisms that usually work in concert but are separable. We further show that the
duration dilation of an unexpected stimulus is not enhanced by Imcreasing its saliency, suggesting that the effect Is more
closely related to prediction wviclation than enhanced attention. Fimally, duration distortions induced by wviolations of
progressive number sequences implicate the involvernent of high-level predictability, suggesting the involvement of areas
higher than primary visual cortex. We suggest that duration distortions can be understood in terms of repetition suppression,

in which neural responses to repeated stimuli are diminished.

Citation: Pariyadath V, Eagleman D [2007) The Effect of Predictability on Subjective Duration. Plof OME (11} ei264. doi10.1371/

journal pone D00 264

INTRODUCTION

Time s commonly thought o uchate mis subjective e of

passage. Far example, upon first glinee, the second hand of 2 clock
sHmetimes wems 10 be froeen in position momentarily before o
comtinues io tick at a nommal pace [1,2]. Percenved duration can be
warped by saccades [3,4], ficker [3], and |de-threatening events,
which are sometimes anecdotally reported to undold in dow moton
[6,7]- The neural hasis of such distortions remains unknown.

To gam traction on tme representaton and ns plasscity, we
turn to 3 duration dstortion that i easilty reproduced in the
ahoratory. Specifically, the first stimulus i a train of repeated
presentations & ofien percened 10 have a loager duration than
successive stimuli. Pasticipants report duration dilations of as
much as 50% in trams of visual stirmuli [8.49], and as mach as 15%
m trams of audstory stmuli [10]. The above studies proposed that
the ilhmion 5 a consequence of mereased arousal @ the B
appearance of the stmuhs.

Similarly, when an oddball stmulus appears midstream. in
a repeated presentation of stimuli [auditory or visuall, the judged
duration of the oddhall is overestimated by up to 30% [11,12]. Tse
and hs co-anthors [2004) propesed an attentional explanation
specifically, that the dumation dilation results from an merease in
miormation processed at the tme of the oddball due to the
deplyvment of aentional resarces. Tse et all (2004) refer 1o the
duration dilatson as “time’s subjective expansion’.

Bt what does it mean o say that subjective time expands? We
here eet out to distinguish two hypotheses, In the first, perception
works like 2 movie camera: when one aspect of the scene slows
o, everything is slowed down, Thus, if a police car launching
off 3 ramp were filmed using slow-motion photography, it wouald
nat anly have a longer duration in the air, but alse its sivens would
blare in a bower pitch, and #is lights would blink at a lower
temporal frequency. In this case, duration, sound pitch and visual
flacker all change hand-m-hand. The second hypothesis, in
comirast, suppeses that different temporal judgments are generaged
by different nevral mechanisms—and while they aften align, they
are not required o, Thus, the police car may be judged w have

.
:@ PLoS OME | www plosane.om

2 longer duration m the air, even while the frequencies of s
soumsks and lhickermg bights remain unchanged. In this paper, we
distinguish these two hypotheses by testing the specific entailments
of duration distortions, and m this way are able 1o directly addres
the noton of “time’s"” subjectve expansion.

MATERIALS AND METHODS
Pasticipants sat 39 cm from a computer monitar and fixated at the
center of the screen, and made responses using the keyboard. All
participants had normal or corrected-to-nommal vision, and were
consented according to the procedures of the Insrutional Review
Board st Baylor College of Medicine.

RESULTS

Experiment 1

We began by quantifying the mxdstream oddball ilheion [11]. Six
subjects ran 84 triak m which they watched O repeated presenta-
tions of a photograph with an oddball photograph mandomly
emberdded hetween the Sth amd Sth presenation. Phowographs
subtended 3.1235.1° of visual angle and were repeatedly presented
at fixatson for S ms with 1Sls of 300 ms. The durason of the
addball varied between 300-700 ms [Fgure la). Afier each traal,
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Abstract Three experiments assessed whether perceived
stimulus duration depends on whether participants
process an expected or an unexpected visual stimulus.
Participants compared the duration of a constant stan-
dard stimulus with a vanable companson stimulus
Changes in expectancy were induced by presenting one
type of comparison more frequently than another type.
Experiment 1 used standard durations of 100 and
400 ms, and Experiments 2 and 3 durations of 400 and
800 ms. Stimulus frequency did not affect perceived
duration in Experiment 1. In Experiments 2 and 3,
however, frequent comparisons were perceived  as
shorter than infrequent ones, and discrimination per-
formance was better for infrequent comparisons. Over-
all, this study supports the notion that infrequent stimuli
increase the speed of an internal pacemaker.

Temporal information processing in humans and ani-
mals is often explained in terms of a hypothetical
internal pacemaker counter mechanism (e.g., Allan,
Eristofferson, & Wiens, 1971; Church & Gibbon, 1982
Creelman, 1962; Gibbon, 1977; Killeen & Fetterman,
1988: Rammsayer & Ulnch, 2001; Treisman, 1963;
Treisman, Faulkner, Maish, & Brogan, 199); Treisman,
Faulkner, & Maish, 1992; Wearden, 1991). For example,
the scalar timing theory (Gibbon, 1991) assumes among
other things that an internal neural pacemaker generates
successive pulses according to a Poisson process and that
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T. Rammsayer
Unversatiit Gottingen, Goltmeen, Germany

a further device accumulates these emitted pulses.
According to this theory, then, the number of pulses
accumulated during a given time interval is the internal
representation of this interval. Although the scalar
timing theory was formerly developed as a model for
animal timing {e.g., Gibbon, 1977), it has also been
successfully applied to human timing (e.g., Droit-Volet,
2002; Fortin, 2003; Malapani & Fairhurst, 2002;
MeCormack, Brown, Maylor, Richardson, & Darby,
2002; Penney, Gibbon, & Meck, 2000; Wearden, 1991,
1995; for a review see Grondin, 2001a).

More recently, several studies on human timing have
focused on the issue of how experimental conditions
(such as stimulus modality, c.g.. Wearden, Edwards,
Fakhri, & Percival, 1998). neurochemical substances
(c.g.. Rammsayer, 1999), and cognitive factors (c.g.,
Brown & Boltz, 2002) influence the speed of the internal
pacemaker and, thus, perception of time. A number of
studies provided convincing evidence that cognitive
factors such as the amount of attention devoted to time
could greatly alter the perceived duration of an interval
(e.g.. Casini & Macar, 1999 Chen & O'Nell, 2001;
Enns, Brechaut, & Shore, 199%; Hemmes, Brown, &
Kladopoulos, 2004; Mattes & Ulrich, 1998; Zakay &
Block, 1997; for a review see Lejeune, 1998). The most
typcal findings were obtained in dual-task conditions,
where participants have to divide attention between time
perception and a nontemporal task. The major result 15
that allocation of attention to the nontemporal task
shortens the perceived duration of a simultancously
occurring event {e.g., Brown, 1995, 1997). According to
Thomas and Weaver's (1975) attenuation hypothesis,
attentional resources have to be divided between the
internal pacemaker counter timing mechanism and a
nontemporal stimulus processor. It is assumed that
when attention is directed to the stimulus processor, a
certain number of pulses remain unregistered. Conse-
quently, the less attention is directed to time, the shorter
the time experienced will be.

An alternative strategy for investigating attentional
mechanisms represents the cuing paradigm (Posner,
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The perception of silence

Auditory perception is traditionally conceived as the perception of sounds—a
friend’s voice, a clap of thunder, a minor chord. However, Ly life also seems to
present us with EXperiences characterized b}- the absence of sound—a moment of
silence, a gap between thunderclaps, the hush after a musical performance. In these
cases, do we positively bear silence? Or do we just fail 1o bear, and merely judge
or infer that it is silent? This longstanding question remaing controversial in both
the philosophy and science of perception, with prominent theories holding that
sounds are the only objects of zudilor:,' experience and thus that eur encounter
with silence is cognitive, not perceprual. However, this debate has largely remained
theoretical, without a key empirical test. Here, we introduce an empirical approach
to this theoretical dispule, presenting exp-erlmnlluj evidence that silence can be
genuinely perceived (not just cognitively inferred). We ask whether silences can
“substitute” for sounds in event-based auditory illusions—empirical signatures aof
auditory event representation in wh ch auditory events diston perceived duration.
Seven experiments introduce three “silence illusions™—the one-silence-is-more illu-

sion, silence-based ing, and the oddball-silence illusion—each adapred from a
prominent perceptual illusion previously thought to arise only from sounds. Subjects
were immersed in ambient noise interrupted by silences structurally identical to
the sounds in the original illusions. In all cases, silences elicited temporal diseor-
tons PerfeLlly analogous o the illusions Pwduced by sounds. Our results sugges:
that silence is truly heard, not merely inferred, intreducing a general approach for
studying the perception of absence.

absence perception | slence | eventrepresentation | temparal ibusions

What do we hear? The canonical answer is that auditory perception i the perception of
sounds and their properties—the pitch ofa frend's voice, the loudness of a thunderclap,
the timbre of 2 minor chord. This traditional view has considerable pedigree, with influ-
ential historical sources holding that sounds are the sole objects of auditory perception
(1, ef.2). It iz also the answer Favored in contemporary scholarship: Prominent scientific

accounts conceive the fundamental units of audisory perception as sounds (or auditory

sreams LI.IJ[I]:-r]M.'\li)l. soands; i 4), and many philosophical theorie e, holding
thar “all auditary perception involves the perceprion of sound” (5) and « if anything
atall is heard, what ks heard b necessarily a sound” (6) (see also rels. 7 and 8). The perva-
siveness of this canonical view about the contents of auditory perception might seem
unsurprising—what else might we hear, if not sound?

However, there has long been a stubborn and intuitive counterexample: experiences af
silence, which are characrerized by the absence of sound. Silence confrones us throughour

our daily lives—consider an awkward pause in a conversation, a suspenseful gap between
thunderclaps, or the hush ar the end ofa musical performance. What b the nature of these

experiences?

Silence: Heard or Inferred?

{ to bretr, and

Ome possibiliry is thar experiences of silence are simply cases in which we
then use our Fculties of reasoning and judgment w 1.u_,l’ér||1:|l it 15 silent. This interpretation
is affered by those who defend the radidonal sound: view of audition, holding dhar
an experience of silence is merely the “cognitive accompaniment of an absence of experi-
ence” and “is itsell no form of hearing”™ (9). This cognitive view may be motivated by a
deeper asiumption sbout perception, namely that we cin genuinely percelve only what
is present in the world, not what is absent (9, 10). After all, one might think, absences
are nonentities—they do nor exis—and so can hardly impinge on our sensory
apparais.

However, an altemative possibility which arguably does mose justice 1o our phen
enolopy is that we literally perceive slences. This interpretation has recently recelved

il
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Significance

Do we only hear sounds? Or can
we also hear silence? These
questions are the subject of a
centuries-old philosophical
debate between two camps: the
perceptual view (we literally hear
silence), and the cognitive view
{we only judge or infer silenca).
Here, we take an empirical
approach to resolve this
thearetical controversy. We show
that silences can “substitute® for
sounds in event-based auditory
illusions. Seven experiments
introduce three “silence
illusions,” adapted from
perceptual illusions previoushy
thought to arise only with
sounds. Im all cases, silances
elicited temporal distortions
perfectly analogous to their
sound-based counterparts,
suggesting that auditory
processing treats moments of
silence the way it treats sounds.
Silence is truly perceived, not
merely inferrad.
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Memory and the experience of duration
in retrospect*

RICHARD A, BLOCKY
University of Oregon, Eugene, Ovegan #7403

Tww experiments investigated the relationship between long-term memory for events accutring durlng an interval and
the experience of dusation of the interval in retrospect, In both, $s attended 1o & wquence consistieg of & standard, an
experimentsl. and a scond standard interval. Then unexpected comparative durstion ard memory judgments were
requested. In Experiment 1, either 30 or 60 unrelated words accursed during the 180-sec experimental interval. When
maore words had occumed, judgments of duration of the expermmental interval, judgments of number of words
presented, and rumber of words recognized all inceeased. but free recall of words was unaffected. In Experiment 11, B0
categarized words occurred during the 160-sec experimental interval, with categary instances in either blocked or
random arder. When words were blocked by category, judgments of duration of the expesimental interval. free recall,
and recopnition all increased. but judgments of mumber of words were unaffected. Results were discussed in neems of

Ornstedn's {19690 “storage sz’ hepothels

Some of the first philosophers and psychologists who
discussed the experience of duration realized that is
must be intimately rtelated to memory processes.
Aristotle  thought that “only those animals which
perceive time remember, and the organ whersby they
perceive time is also that wherehy they remember
[McKeon, 1941, pp. 607-608].7 More recently, a
number of peychologists have proposed a distinction
between the experience of duration in passing and in
retrospect, postulating separate mechanisms 1o account
fsr the two vpes of 1emporal experience. As the term is
typicatly used, “the experience of dusation in passing”
refers to the awareness of the apparent length of an
interval betwesn a past event and the psychological
present, On the other hand, “the experience of duration
in retrospect™ typically refers to the awareness of the
appaent Teagth of an interval between Lwo past evenis,

There is little agreement among theorists concerming
the processes underlving the experience of duration in
passing. However. contemporary theorists, along with
Aristotle, generally agree that memory plays a central
role in the experience of duration in retrospect {e.g.,

*Thix articke is based on a PRI dissertation submitted 1o the
University of Oregon. The anthor wishes to ihank members of
the dissertation commitiee -Dowglas L. Hintzman, Michael 1,
Pasaer, Wayne A, Wickelgren, and Tron §. Levi—for criticism and
advice. Thanks are also due Jean I, Block, David B Gaostnell.
and A. Johe Wisdom for comments an an carlier versian of the
manuscript.  The research  was supperted by Predocionsl
Fellewship 2-101-MHAB3S6-02 from the National Instilute of
Mental Health, US. Public Health Service, and by o grant to
Dauglas L. Hinzmen from the Office of Education. U5
Department of Heslth. Education, and Welfare, Contractors
undertaking such projects under government sponsordily ane
encouraged 1o express feeely their professioral jidgment @ the
conduct of the project. Points of view or opinlons stated do not,
thetefare, necessanily represent official Offlce of Education
pasition or policy.

FRequests for regrints should be sent 1o Richard A. Black,
Department of Psychalogy, State University of New York,
Plattsburgh. New York 12901

Frankenhaeuser, 1959 Ornstein, 1969; Michon, 1970).
Since memory is assumed 1o be involved, the present
paper explores the role of longderm memory in
determining the retrogpective experience of duration of
relatively long intervals.

Although there has been much theoretical speculation
about the role of memory in the experience of duration,
only a few investigators have attempted to determine
experimentally which aspects of memory might be
mwalved, Frankenhasuser (1950, Experiments 3 and 4)
studied  the relationship berween memory for the
number of events that occurred during an inteeval and
retgospective estimates of duration of the interval. In
these experiments. Ss read random digits umil stopped.
Then they estimated gither the duration of the interval,
the number of digits read. or both, There was a close
correspondence between the two types of estimates over
intervals ranging in duration from 4 to 53sec. The
interpretation of these results, however, s complicated
by the fact that 8 were tested repeatedly and were
aware that duration judgments would be requested at
the end of some of the imemvals, Under these
cireamstances, Ss might have adopied a special strategy
for making judgments of duration, Thus, the degree of
cortespondence betwesn the two types of judgments
might have been somewhat artifactual and possibly not
gencralizable 1o situztjons inwhich Ss are not aware that
duration judgments would he requested ar the end of the
interval,

Using a paradigm in which %3 were not aware than
duration judgments would be requested, Drnstein (196%)
conducted several experiments in which both memory
for the coments of an interval and judgments of
duration were measured. In ome of them
{Experiment VI, Se learned elther of two differem
patred-associate lists Tor 6 min, and they were asked to
make a comparative magnitude judgment of duration of
the learning task after either no delay or a 2-week delay.
Duration judgments were clozely paralleled by a memory
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Memory and the experience of duration
in retrospect*

RICHARD A, BLOCKY
University of Qregon, Ewgene, Oregan §7407

Twe enperiments investigated (he relationship between long-term memory for events occurring durlag an interval and
the experience of duration of the interval in retrospect, [n both, S5 attended 1o a squence consisting of & standard, an
experimental. and a second standard interval. Then unespected comparative durstlon and memory judgments were
requestsd. In Experiment 1, either 30 or 60 unrelated words accurred dueing the LB-sec experimenial interval. When
mare words had occumed, judgments of duration of the expermmentsl mnterval, judgments of mumber of words
presented, amit rumber of words recognized all incecased. but free recall of words was unaffected. In Experiment 11, 80
categarized words occurred during the 160-sec experimental interval, with category instances in either blocked or
random order. When words were blocked by categery, judgments of duration of the expesimental interval. free recall,
and recognition all increased. but judgments of mumber of words were unaffected. Results were discussed in teems of

Oematedn’s {1969 “storage slze” hypothesis

Some of the first philosophers and psychologists who
discussed the experience of duration realized that s
must be  ingimately related o MEMOLY  Processes.
Aristonle  thought that “only those animals which
perceive lime remember, and the organ whereby they
perceive time s also that wherehy they remember
[McKeon, 1941, pp. 607.608].7 More recently, a2
number of psychologists have proposed a distinetion
between the experience of duration in passing and in
retrospect, postulating separate mechanisms 1o account
for the two 1vpes of wemporal experience. As the term is
typicatly used, “the experience of duration in passing”
refers to the awareness of the apparent length of an
interval betwesn a past event and the psychological
present, On the other hand, “the experience of duration
in retrospect” typically refers to the awareness of the
apparent leagth of an interval between two past evems,

There is little agreement among theorists concerming
the processes underlving the experience of duration in
passing. However. contemporary theorists, along with
Aristotle, generally agree that memory plays a central
role in the experience of duration in retrospect fe.g.,

*This article is based on 2 PRIy dissertation submiteed 1o the
Umiversity of Onegon. The anthor wishes to thank members of
the dissertation committee -Douglas Lo Hintzman, Michael 1.
Pasner, Wavne A Wickelgren, and Don 8. Levi—for criticiem and
advice. Thanks are also dwe Jean 1, Block. David B Gastnell.
and A John Wisdom for comments an an carlier versian af the
manuscripl.  The research  was  supported by Predocions)
Telfevchip 2-1'01-MHARIS6-02 from the Natsonal Lnstitute of
Mental Health, US. Public Health Service. and by a prani to
Douglas L. Hintzman from the Office of Education, U8
Department of Health. Education, and Welfare, Contractors
undertaking such prajects under government spomsorship ane
encouraged 1o express freely their professional jidgmient @ the
conduct of the propeer. Points of view or opinlons stated do nat,
therefore, necessarily cepresent official Offlee of Education
pasition or policy.

FRexquests for reprints should be sent 1o Richard A. Black,
Department of Psychalogy, State University of New York,
Plattsburgh. Mew York 12901

Frankenhaeuser, 1959; Ornstein, 1969%; Michon, 1970).
Since memory is assumed 1o be involved, the present
paper explores the role of longterm memory in
determining the retrospective experience of duration of
velatively long imervals.

Although there has been much theeretical speculation
about the role of memory in the experience of duration,
oaly a few investigators have attempted to determine
experimentally which aspects of memory might be
mvolved, Frankenhasuser (1959, Experiments 3 and 4)
studdied  the relationship berween memory for the
number of events that occurred during an interval and
retrospective estimates of duration of the interval. In
these experiments. Ss read randoem digits uniil stopped.
Then they estimated gither the duration of the interval,
the number of digits read. or both, There was a close
correspondence between the two types of estimates over
intervals ranging in duration from 4 to 53 sec. The
interpretation of thess results, however, is complicated
by the fact that Ss were tested repeatedly and were
aware that duration judgments would be requested at
the end of some of the intervals, Under these
chrcumstances, Ss might have adopied a special strategy
for making judgments of duration, Thus, the degree of
correspondence between the 1wo 1ypes of judgments
might have been somewhat artifactual and possibly not
gencralizable to situations in which Ss are not aware that
duration judgments would be requesied at the end af the
intervsl,

Using a paradigm in which 55 were not aware thay
duration judgments would be requesied. Drnstein {1965 )
conducted several experimrents in which both memory
for the contents of an interval and judgments of
duration were measured. In one of them
{Experiment VI, Ss learmed either of two differemt
patred-associate lists for 6 min, and they were asked to
make a comparative magnitude judgment of duration of
the learning task after either no delay or a 2-week delay.
Duration judgments were clozely paralleled by a memory

“storage size” hypothesis
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Food for thought:

1. For number and faces we talked about domain-specific vs.
domain-general coding. What about time?

2. Time perception seems really important! Why are we so bad
at it?

3. What other factors influence perceived time?












00— 0 -0 @-o

Speed Color Size
e.g., Anton-Erxleben et al, 2013) (e.g., Webster, 1996) (e.g., Yousif & Clarke, 2024)

~ N J}
n N ~

Motion Orientation Various facial properties
(e.g., Adams, 1834) (e.g., Paradiso et al., 1989) . Webster et al, 2004)

5 A—y

Causality Number Travel direction
(e.g. Rolfs et al., 2013) (e.g., Burr & Ross, 2008; (Cheng et al., 2024)
Yousif et al,, 2024)
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PSYCHOLOGY

Prevalence-induced concept change
in human judgment

David E. Levari', Daniel T. Gilbert'*, Timothy D. Wilson?, Beau Sievers?,
David M. Amodio*, Thalia Wheatley”

Why do some social problems seem so intractable? In a series of experiments, we

show that people often respond to decreases in the prevalence of a stimulus by expanding
their concept of it. When blue dots became rare, participants began to see purple dots
as blue; when threatening faces became rare, participants began to see neutral faces

as threatening; and when unethical requests became rare, participants began to see
innocuous requests as unethical. This “prevalence-induced concept change” occurred
even when participants were forewarned about it and even when they were instructed
and paid to resist it. Social problems may seem intractable in part because reductions

in their prevalence lead people to see more of them.

are said to pervade human
judgment, with weighty



fMR-adaptation: a tool for studying the functional
properties of human cortical neurons

. . . . . b
Kalanit Grill-Spector *, Rafael Malach
* Departiment of Brain and Cognitive Sciewces, MIT, NEX-444, 77 Muass. Ave., Cambridge, MA 02139,
US4
B Newrobiofogy Department, Weizmann fnstitute of Science, Rehovot 76000, frael!
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Abstract

The invariant properties of human cortical neurons cannot be studied directly by fMRI due
to its limited spatial resolution. One voxel obtained from a fMRI scan contains several
hundred thousands neurons. Therefore, the fMRI signal may average out a heterogeneous
group of highly selective neurons. Here, we present a novel experimental paradigm for MR,
functional magnetic resonance-adaptation (fMR-A), that enables to tag specific neuronal
populations within an area and investigate their functional properties. This approach contrasts
with conventional mapping methods that measure the averaged activity of a region. The
application of fMR-A to study the functional properties of cortical neurons proceeds in two
stages: First, the neuronal population is adapted by repeated presentation of a single stimulus.
Second, some property of the stimulus is varied and the recovery from adaptation is assessed.
If the signal remains adapted, it will indicate that the neurons are invariant to that attribute.
However, if the fMRI signal will recover from the adapted state it would imply that the
neurons are sensitive to the property that was varied. Here, an application of fMR-A for
studying the invariant properties of high-order object areas (lateral occipital complex — LOC)
to changes in object size, position. illumination and rotation is presented. The results show
that LOC is less sensitive to changes in object size and position compared to changes of il-
lumination and viewpoint. fMR-A can be extended to other meuronal systems in which ad-
aptation is manifested and can be used with event-related paradigms as well. By manipulating
experimental parameters and testing recovery from adaptation it should be possible to gain

is a fundamental property of biological systems,
and, therefore, a critical for studying the brain.
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Summary

Evidence exists for a nonverbal capacity for the apprehen-
sion of numbar, in humans [1] Encluding infants [2, 3]) and
in other primates [4-6). Here, we show that peroeived numer-
asily is susceplible o adapiation. like primary visual propar-
ties of a scene, such as color, contrast, size, and speed.
Apparent numerosity was decreased by adaptation to karge
niamberns of dots and increased by adaplalicon o smeall um-
bers. the effect depending entirely on the numercsity of the
atlapton, nol on conlrasl, size, oriemation, or pixel densily,
and occurring with very low adaptor contrasts. We suggest
Tt the visual syshem has the capacity 1o estimale numernas-
ity and thal il is an independent primary visual property, not
reducible to others like spatial frequency or density of
Taature [T].

Results and Discussion

Jervor, @ 19™ coniuny aconomist, rativer than counting beand,
assessed his acouracy in esbmating the number of beans in
& b il 8 singhe glance [8], He made no ermors al four or below
Eviat Evecamee incressSangly inacocunale as thenusmber of Deans in-
oreased beyond four. Subsequent studies have confirmed his
Tindinges and 1 lack of errors Delow e his bed 1o the concept
af subitiziag [8-12], usually presumed to be a separate procoss
allowing rapad apprelsension of the numerssity of collactions
ocomaining fower than free objects. The percepbon of larger
numbers is usually assumed 1o require slower and mone
eognilive processes, like counting,

All pnmary visual properies ans susceptible to adaptatian,
sonmsrlimis givirg rise 1o dramalic afereflects, like he wabanial
illusion [13). ard changes in color, size, dstance, spatial fre-
quency, and oriemation. If numerosity was a primary visual
property, ke color or moticn, it too should be prome o adapts-
tion. The onkne demonstration shows that it is. After 30 = adap-
Rk Do the wo differond sdapbor palchos, th e subseduent
patches appear 1o difier considerably in numerosity (whereas
iregection afler adaplation wears off, or counling, shows that
they both numbaer 30 dots), We guamified sdaptation affects
by asking subjects whether a test stimulus (of variable numer-
asilyl, presanbed o he region thal had been adapled, ap-
peared more of less rumenous than a probe stimules jof ficed

SCommspondence daw@incnel

Aumarosity], presanted b & dllerent unadapbed position & Wik
later. The proportion of trials where the test appeared monz
numenous than the probe was plotted aganst test numerosity
vl b witll curniukative Gaussian hunchions whos mies és-
timaies the point of subpective equality (FSE] betweon lest and
probe, ard standand deviation the thneshold Tor desciminating
between the bao (the ust-noboeable difference [jnd]l. Figure 15
ahovs aamghs pepchometre lunctions lor & 30 alement probe,
with anc withoul adagtation to.a 00 alement stimulus, The -
tic of the matched test to probs increases from unity (30 dots)
with pir adagiation 1o mone than 3 (100 dots) alter sdapiation
e increased the test number to compensate for the reduction
inits apparent numercsily), Nole alao thal tal aftes sdaptation
the psychomelric function is steeper (on legarithmic coordi-
nates), implying a smaller jnd.

Wha Tirsl ressuned the eflect of adapling o a lange numbser
(400} of dots &s a function of number of dots in the probs {Fig-
uré 18] The amount of sdaptation was Tairly conatant with
probe numerasity down to about 12 dots and then deorcased
as the probe approached the subitizing range. The precesion of
he rreabich, given by U jrod o Wisbes Tractson [nd exgroased s
a fraction af dot numbserl, did nat detenorate during adapta-
tior, (s avarage percentage Weber lractions for unadapied
and adapied conditions being 20% for unadapted and 26%
tor thi sdapbod condions.

Wha next investigated whether adaptation o small numbers
Can CAUSE an inorease n numerasity. The red circles
al Figura F show thal adaplation socurmsd in both directions:
#daptation 1o small numbers increased apparent numerosity
ey W rnsaitichodd numiber docressad), and adaplaton 1o langs
numbsrs decreased apparsnt numerosity. Adaptabion to B0
dois [the rumter of the probe} had no cifect, with the amount
ol adaptaton increasing with the diflerence between adapt
and prabe numbsr. The curves of both subjeats were well fit
Ery Brbar rgression on kg cosrdinales, wih a slops anund
024,

I gk 10 est viwedlvbr adaplalion depends on numenesity
por 8o of ia e brom aiher Tactons, Bl iedure density [T
wet performed & rumiber of conbrols. We first varied the sioe of
The adagtor and test dols, in ander 1o vary piasd decssty, In the
ahove-gescnibed study fred circles of Figure 2), bath adaptor
and tesl ols were carcles of B piued (20 arcmin) diameler (35
pixel arca). ¥We repeated the expenment with squane adaptor
stimuli of 8 x 8 pixels (54 pixels) and test sbmuli of 3 x 3 pooels
8 pixela, 177 as many aa the adapios). Il plosl density wens e
relevant attribube, the curves. of Figune 2 should sheft leftwards
Ery & lactor of 7, g0 the rill posnl cecurs whon adaplor and lesl
pixel density are matched (for adaptabon dot number of 7.
This clearly doses nol cecur, For naive ciaerver FB, the cunaes
remain superimposed lor DB, there iz a alight shill n T
opposie direchaon.

Wa alss examined the effect of adaptor contrsl. As
Figure 2C shows, contrast of adaptor dots had littie effeat on
the magnilsde of adaplalion Al comrasis as kow as 12%,
the adaptation effect i stll nearty 2-fold, droppng only near
defection threshold. It appears that the only factor that
alfecis adaplation s numaerssity, nol densily, orientalion, or
oonirast.




But | didn't tell you everything!
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A generalized sense of number

Roberto Arrighi’, Irene Togoli' and David C. Burr'-?

"Department of Neuroscence, Psychology, Pharmacology and Child Health, University of Florence,
via San Salvi 12, Florence 50135, laly
“Institute of Neuroscience CNR, via Moruzzi 1, Pisa 56124, Italy

Much evidence has accumulated to suggest that many animals, including
young human infants, possess an abstract sense of approximate quantity, a
number sense. Most research has concentrated on apparent numerosity of
spatial arrays of dots or other objects, but a truly abstract sense of number
should be capable of encoding the numerosity of any set of discrete elements,
however displayed and in whatever sensory modality. Here, we use the
psychophysical technique of adaptation to study the sense of number for seri-
ally presented items. We show that numerosity of both auditory and visual
sequences is greatly affected by prior adaptation to slow or rapid sequences
of events. The adaptation to visual stimuli was spatially selective (in external,
not retinal coordinates), pointing to a sensory rather than cognitive process.
However, adaptation generalized across modalities, from auditory to visual
and vice versa. Adaptation also generalized across formats: adapting to sequen-
tial streams of flashes affected the perceived numerosity of spatial arrays. All
these results point to a perceptual system that transcends vision and audition
to encode an abstract sense of number in space and in time.
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Abstract Humans and sther speciea have pereeptual mechanisms dedicated to estimating
approximate quantity: a sense of number. Here we show a clear interaction between sel-produced
actions and the perceived numerosity of subsequent visual stimuli. A short period of rapid finger-
tapping (without sensory feedback) caused subjects to underestimate the number of visual stimuli
presented near the tapping region; and a peried of slow tapping caused overestimation. The
digtortions occurred both for stimull presented sequentially (series of flashes) and simultanecusly
(clouds of dats); both far magnitude estimation and foreed-choice camparison. The adaptation was
spatially selective, primarily in external, realworld coordinates. Our results sit well with studies
reparting links between perception and action, showing that vision and action share mechanisms
that encode numbers: a generalized number sense, which estimates the number of self-generated
a3 well as external events.

Introduction

Animals, induding humans, estimate spontaneously and reascnably accurately the approximate
quantity of arrays of objects, without recourse to other forms of representation, such as density
{Clechini et al., 2018). Even newborn infants of less than 3 days show selective habituation to num-
ber (lzard et al., 200%). There is now wery good evidence in both human and nen-human primates
that number is enceded by intraparietal and prefrontal cortex (Castelli et al., 2006, Dehaene et al.,
2003; Harvey et al, 2013; Nieder, 2005, 2012, 2016; Nieder et al, 2008; Nieder and Miller,
2004; Plazza and Eger, 2018; Plazza et al, 2004, 2007, even in numerically naive monkeys
{Viswanathan and Nieder, 2013). All these studies point to the existence of a visual sense af num-
ber within a parietal-frontal network (Dehaene, 2011).

A truly sbstract sense of number should be capable of encoding the numerosity of any set of dis-
crete elements, displayed simultaneously or sequentially, in whatever sensory modality. Some evi-
dence exists for such 8 generalized number sense. Neurons in the lateral prefrontal cortex (IPFC) of
behaving monkeys encode numerosity for both auditory and visual sensary modalities, suggesting
supra-modal numerosity processing (Mieder, 2012). Another study reperted separate populations of
neurons in the intraparietal sulcus (IPS) responding selectively to sequential or simultanecus numeri-
cal displays, while a third set of neurons showed numerosity selectivity for both simultanecus and
sequential presentations, suggesting that the information about spatial and temporal numercsity
converges to a more abatract representation (Nieder et al, 2008). There is also evidence from fune-
tional imaging in humans for a right lateralized fronto-parietal circuit activated by both awditory and
vigual number sequences, and that right IPS is involved in processing both sequential and simulta-
neous numercsity formats (Castelli et al., 2008, Plazza et al., 20068).
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Abstract Humans and sther speciea have perceptual mechanisms dedicated to estimating
approximate quantity: a sense of number. Here we show a clear interaction between sel-produced
actions and the perceived numerosity of subsequent visual stimuli. A short period of rapid finger-
tapping (without sensory feedback) caused subjects to underestimate the number of visual stimuli
presented near the tapping region; and a peried of slow tapping caused overestimation. The
digtortions occurred both for stimull presented sequentially (series of flashes) and simultanecusly
(clouds of dats); both far magnitude estimation and foreed-choice camparison. The adaptation was
spatially selective, primarily in external, realworld coordinates. Our results sit well with studies
reparting links between perception and action, showing that vision and action share mechanisms
that encode numbers: & generalized number sense, which estimates the number of self-generated
a3 well as external events,

DOl 10.7554/elife. 16167 001

Introduction

Animals, induding humans, estimate spontaneously and reascnably accurately the approximate
quantity of arays of objects, without recourse to other forms of representation, such as density
(Ciechini et al., 20115). Even newborn infants of less than 3 days show selective habituation te num-
ber {lzard et al., 2007). There is now very good evidence in both human and non-human primates
that number is encoded by intraparietal and prefrontal cortex (Castelli et al., 2006, Dehaene et al.,
2003; Harvey et al, 2013; Nieder, 2005, 2012, 2016; Nieder et al, 2008; Nieder and Miller,
2004; Plazza and Eger, 201&; Plazza et al, 2004, 2007), even in numerically naive monkeys
{Viswanathan and Nieder, 2013). All these studies point to the existence of a visual sense af num-
ber within a parietal-frontal netwark (Dehaene, 2011).

A truly sbatract sense of number should be capable of encoding the numerosity of any set of dis-
crete elements, displayed simultanecusly or sequentially, in whatever sensory modality. Some ei-
dence exists for such & generalized number sense. Neurons in the lateral prefrontal corex (IPFC) of
behaving monkeys encode numerasity for both auditory and visual sensary medalities, suggesting
supra-modal numerosity processing (Mieder, 2012). Another study reperted separate populations of
neurons in the intraparietal sulcus (IPS) responding selectively to sequential or simultanecus numeri-
cal displays, while a third set of neurons showed numerasity selactivity for both simultanecus and
sequential presentations, suggesting that the information about spatial and temporal numercsity
converges to a more abatract representation (Nieder et al, 2008). There is also evidencs from fune-
tional imaging in humans for a right lateralized fronto-parietal circuit activated by both awditory and
vigual number sequences, and that right IPS is invelved in processing both sequential and simulta-
neous numerosity formats (Castelli et al., 2008, Plazza et al., 20068).

Anobile et al. eLife 20155216161, DOI: 10.7554/eLite. 16161
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This is weird, because other times,
adaptation is highly fragile!
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Numerosity perception is tuned to salient
environmental features
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Number adaptation: A critical look
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ARTICLE INFO ABSTRACT

Eeywonds: It s often assumed that adapeation — a temporary change n sensitivity to a perceprual dimension. following

s expasure io that dimension — is a liimus fest for what is and is noi a thanvma]:m—ﬁum Thus, papers
purpariing to find evidence of number adaptation motivaie a claim of greai significance: Thai member Is
something that can be seen in much the way that canonical visual features, ke color, contrast, sire, and speed,
can_ Fifiern years after its reported discovery, number adaptarion's existence seems to be nearly undisputed, with
doeens of papers documenting support for the phenomenon. The aim of this paper is to affer a counterweight —
to eritically assess the evidence for and against number adaptation. After surveying the many reascas for thinking
that msmbser adaptation exists, we introduce several lesser known reasons to be skeptical We then advance an
altermative account — the old news bypothesis — which can accommodate previously published findings while
explaining various (atherwise unexplained) anomalies in the exisring lterature, Next, we describe the resubts of
eight pre-registered experiments which pit our novel old news hypothesis against the recelved number adap-
tation hypattests. Collectively, the results of these experiments undermine the mumber adaptation hypoibesis on
several fronts, whilst consisiently supparting the old news bypothesls. Mare broadly our work raises questions
abouwt the stats of adaptation iself as a means of discerning what & and s mot a wisual atribute.

1. Introduction sparse when compared Inanoﬂmnuldr.uhﬂ]mll:cbmlnflunﬂnlxm
annn-nd:ptld region (9ee Burr & - wee aloo Demo #1 in the

To see more:

It % sometimes joked that vision science primarily serves o cata.
Iogue phencmena king known by magicians, cinematographers, and
petty thieves. Oceasionally, however, its discoveries affer te profoundly
transform our understanding of what it means (o see. Take the reported
discovery of visun number adepration. Since the pioneering work of [
al it has become widely accepted that observers visually
adapt 1o the numbes of fems in 4 seen collection, much as we adape to
ather visible properties, ke color, size, and motion. The claim is that
profonged exposure 1o a large number of seen items causes a middling
number of items in that region to appear less numerous than they
atherwise would. Conversely, prolonged exposure to a small number of
items repartedly chuses a middling aumber of items in that region to
appear more numereus than they otherwise woukl,

These are stunning results. In canonical examples of visual number
adaptation, cheervers enjoy obvious and phencmenclogically striking
aftereffects. If you adapt to 300 dots ina left-hand region of visual space,
a test display containing 100 dots in that region will look remarkally

supplemental materials an our OSF page)l. Since researchers have taken
:tzlz to rube out simpler explanations {e.g., by controlling for the total
brightness andfor surface area of collections), received wisdom is that
these results reflect adaptation to He mumber of items in seen collections.
And because adaptation effects of this sort have been deemed rare or

been taken to suggest that number
pm'wiﬂlco]urnnd other low: Icvd
) . while numbers are abstract
objects, loﬂlud. outside of space ar ime, :mmh: adaptation has been
taken to establish that numbers nevertheless feature in the contents of
human vision and visual experience; that, strange as @t sounds, we
literally see number.
Given the practical, philosophical, and theoretical implications of
these claims, it is perhaps surpriging that the existence of visual number
adaptation has gone brgely unchallenged (but see Dakin, Tilber,

Recetved 18 February 202 Eﬁd\'{d in revised form T May 3024; Accepied 13 May 3024

Available online 30 May 2024

O010-0277/8 2024 Elsevier BY. All rights are reserved, including those for text and data mining. Al training, and similar technologies.




Repulsivity? Phenomenology? Retinotopy? Spatiotopy? Bidirectionality? Attention? Cross-modal? Cross-stimulus?
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Adaptation to value?












The idea is that perceptual
adaptation to value isn’t possible.
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How far does this go?






Is adaptation really just a
perceptual phenomenon?



Sami Ryan Yousif
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A top-down effect is any case Whe e What
you think affects what you per_cl *
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A famous example...
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Wearing a heavy backpack alters your affordances,
thereby making the hill look steeper. Presumably, this
is your visual system saying, “Don’t climb this hilll”

B
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Visual-Motor Recalibration in Geographical Slant Perception

Mukul Bhalla
Loyola University New Orleans

Dennis R. Proffitt
University of Virginia

In 4 experiments, it was shown that hills appear steeper 1o people who are encumbered by
wearing & heavy backpack (Experiment 1), are fatigued (Experiment 2), are of low physical
finess (Experiment 3). or are elderly andfor in declining health (Experiment 4). Visually

guided actions are unaffected by these mani

of physiological potenrial. Although

dissociable, the swareness and acton systems were also shown to be imtercomnected.
Recalibration of the transformation relating awareness and actions was found to sccur over
long-term changes in physiclogical potential (fitness Jevel, age, and health) but not with
transitory changes (farigue and load). Findings are discussed in terms of a time-dependent
coordination betwesn the separate systems that control explicit visnal awareness and visually

guided action

In conscicus awareness, the apparent slant of hills is
greatly exaggerated. For example, 5° hills appear to be about
20°, and 10* ones look to be about 30° (Proffit, Bhalla,
Gossweiler, & Midgets, 1995). Be that as it may, people are
not especially prone to siumble whenever the terrain over
which they walk changes in slant. When ascending a 5° hill,
people appropriately raise their feet to accommodate this
inclineg, not a 20° one.

In this and our previous article (Proffitt et al | 1995), we
sugpest that the exaggeration of slant in consclous aware-
ness promoies the function of relating distal inclines 1o ane's
physiclogical potential. Given gravity and one’s physiology,
a long 5° hill is actually rather difficult to ascend, and
consequently 1t appears to be quite steep. Given this
proposal, we predict that geographical slant will change with
changes in physiological potential.

The first purpose of this article is to provide support for
this prediction. [n four experiments, we show that hills
appear steeper when people are (a) encumbered by wearing
a heavy backpack, (b) fatigued after a long run, (c) of low
physical fitness, and (d) elderly or in poor health. None of

Mukul Bhalla, Dcpunm:ut of Psychology. I.wwh Urul-w.sﬁy
Mew Orleans; Dennis R. Froffin, Department of Prychology,

University of Virginia.
The eape:nmmls reported in lrns article were parl of Mukul
Bhalla's di I d at the University of

Virginia, This research was supported by Mational Institate of
Mental Health Grant MH52640 and National Aeronautics and
Space Administration Gerant NCC-2-025,

We thank the students of the University of Virginia and the
residents and members of The Collonades retinement community
and the Charbotesville Semlor Center for participating in thess
experiments. We would also like to thank Jill Seaks and Marie
Anderson for help in running expeniments, Finally, we gratefully
acknowledge the helpful comments and advice of Marco Ber-
tamini. Bennett Berienthal, Linda Bunker, Sarah Creem, Glen
Graesser, Michael Kubovy, and Tyrone Yang.

Comespondence conceming this article should be addressed o
Mukul Bhalla, Depariment of Psychology, Box 194, Loyola
University, 6363 SL Charles Avenue, New Ovleans, Lowisiana
T0118, Electronic mail may be sent to bhalla@nadal loyno.edu.

these mampulations influenced a measure of visually guided
actions directed at geographical slants.

This articie’s second purpese is to show that the visual
systems that inform comscicus awareness of slant and
wvisually guided actions are dissociable yet are also transfor-
mationally connected, The evidence for dissociation derives
from the fact that manipulations of physiclogical potential
evoke changes in conscious awareness without any concomi-
tant changes in visually guided actions. The evidence for
transformational connectedness is seen in the finding that the
guidance system can be indirectly informed by conscious
representations. This is illustrated in the following example:
Without looking at a hill, a person can be asked 1o make a
motor adjustment conforming 1o some verbally given slant
angle, say 20°. The response to such an instruction will be a
mator response of 5. Note from the earlier example that this
would be the appropriate motor accommedation o a 57 hill
that, in consciousness, appearsd 0 be 207 Conscious
repr tions and motor adjy are not the same, but
they are internally consistent. All four of the studies reported
herein investigated the time course over which this internal
consistency is maintained. We found that it is not maintained
over transitory changes in physiological potential lasting an
hour or less; however, it is maintained over longer periods of
months and vears.

Conscious Slant Perception

In our previous article (Proffit et al., 1995), we proposed
that the discrepancy between conscious slant perception and
visually guided actions is functionally advantageous given
the different goals that these different systems subserve.
Conscious slant perception informs the planning of rela-
tively long-term molar behaviors such as selecting and
modulating gait style, whereas the visual guidance system
informs the ﬂxnmn.unufspacmc behaviors in the immediate
sction space. A goal of gait style selection is to maintain an
acceplable rate of energy expendinere. Whenever terrain
slant changes, gait must also change, or one’s acrobic state
will fluctuate cutside of desired values. Gait selection 15
future onented in that it requires the regulation of behaviors
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But it isn't just hills and steepness..

* Body size influences size perception

* Emotional arousal influences height perception

* Field goal kicking performance influences size perception
« Sentences about faces affects face perception

* Glucose levels influence slant perception

* Social closeness influence spatial perception

* Parkour ability influences height perception

* Tool use influences distance perception

* Obiject knowledge influences color perception

* Threat influences distance perception



But it isn't just hills and steepness..

* |Imagining danger influences distance perception

* Ease of blocking a ball influences speed perception

* Social comparison influences face perception

* “lllusory ownership of a virtual child body” influences size perception (???)
* “The presence of comrades decreases... formidability of an opponent” (???)
* Age influences distance perception (of walks)

* Morality influences perceptual pop-out

* Political leaning influences the perception of Obama’s skin color

* Social power influences weight perception

« Self-affirmation influences distance perception

* Revealing secrets influences slant perception



To make sense of top-down effects,
we need to understand modularity.



In the broadest sense, modularity refers to the simple
fact that the mind has parts, not unlike your computer

has different apps and programs (Fodor, 1983) pr—




Nine characteristics of modularity.. Il

1. Domain specificity
2. Mandatory operation

3. Limited central accessibility

4. Fast processing

5. Informational encapsulation® I’

6. 'Shallow’ outputs °e

7. Fixed neural architecture

8. Characteristic and specific breakdown patterns
9

. Characteristic ontogenetic pace and sequencing

*Oft discussed as the most important feature of modularity, and sometimes discussed
in terms of "(im)penetrability” rather than ‘encapsulation” (see Pylyshyn 1999)



Informational encapsulation® I

“Cognitive impenetrability of visual perception!”
- Pylyshyn, 1999
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Cognition does not aftect perception:
Evaluating the evidence for “top-down”
effects

Chaz Firestone

Dapartment of Psychology, Yale University, New Haven, CT 06520-8205
chaz firestone @ yale.edu

Brian J. Scholl
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Abstract: What determines what we see? Incontrast to the traditional “modular” understanding of perception, sceording to which visoal
[.I‘l'll'.'[:‘.‘iﬁ'i.‘[lg is t."uL'a[uin]uh':I from ]L"Lg] wer-lesvel f_'ugniﬁnn, a ticdal wave of recent research th:grx\ that states such as beliefs, desires, emotions,
motivations, intentions, and ]in%uinﬁr: representations exert direct, tup—dmw: influences on whiat we see. There isa ErUWINY COnSETISNS that
such effects are ubiguitous, and that the distinetion between perception and cognition may itself be umsostainable. We argoe othenwise:
Mone of thes: |11m:]].n't|:i of studies — vither m:]mdua]]w or collective 1\ —pn:mtl: 5 COTTIpH: ]]JJLg evidenee for true hrp-tlml.—n effects on
Fru bon, or urgmhu e m'trahlllh In Paﬂlt_'u]ar un:l dlespite Ih: “ir \'Hl'l.l.'t\' Wi S st that these studies all fall prey to -.mhr a
ranclful of pltﬁ:ll]_l. And wheress abstract theoretical challenges have failed to re ssolve this debate in the past, our presentation of these
[ntfallw 15 Tn[nnr.a]hr anchored: In each case, we show not o Lh hoow certain studies could be \1|'ﬂ.1'[rhh|: to the [r:tfa]l {in pnm.':l[ﬂ.t |
bast also haonw several th'g: sl top-down effects -l'il'l'.:ﬁ.n’JHJ are t'r[ﬂ.m‘m: sl |n the pitfall (in [Jrur_'hu . Moreover, these pitfalls ane rﬁ‘{_'thr
general, with each apphing to l.li'[-]z.[“'tﬁ of other top-down effects. We conclude by extracting the lessons provided by these pitfalls into
a checklist that future work could wse to I’."'l::ll:l".-'l.‘l:iL'll:Ig]\- demonstrate m[HIr.nm effects om visual e ru'p‘h::—n ']111 discove Y of
substantive tup—cluwu effects of L'ﬂgmhm] on [u':rt_:'Phnu wiomild revolutonize our ande ntauulmg of how the mind is urjg_}.—mu.:'tl bt
without addressing these pitfalls, no such empirical report will license such exciting conclusions.
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Abstract: What determines what we see” In contrast to the traditional “modular” understanding of perception, sceording to which visual
processing is encapsulated from higher-level cognition, a tidal wave of recent research alleges that states such as beliefs, desires, emotions,
motvations, intentions, and |i||_}_[| i r:"‘l:l'l'i'h'tl'1lt.ltitl1l.'i exert direct, hlla-:hm'u influences on what we see. There isa Srowing Consensus that
such effects are ubiguitous, and that the distinetion between perception and cognition may itself be umsustainable. We Argie otherwise:
None of these |m||t|1n'1l.la of studies —vither individually or collectively — provides compelling evidence for true top-down effects on
iK'Tu' stion, or “eognitive iwm'ir.l.|:||||.}'." In E}.LTHI.'II].[T. amel []E'!i\]lh' their variety, we suggest that these stadies all fall prey to only a
aniclful of l:ltEL|| . Andd whereas abstract theoretical challenges have failed to resolve this debate in the past, our presentation of these
by anchored: In each case, we show not t|1||}' horw certain studies conld be su:iu-l:tihlr to the pi'rf:dl {in pﬁn['iph'i,
bt also how several alleged +t3|!1—t|m'.1| effects rre'fua.l'.l’_rlr fare vx;ﬂ.‘u'nvt] '|>;\' thie }JlHllll (in practice). Moreover, these Ilaitru]].\' are Ewrft't"rlj.'
general, with cach :11rl:l|}.'i1|_|_f, to dowzens of other 1::;1—c|.1m1| effects. We conclude by extracting the lessons prm‘u]-:':] w these E'I:iH-:i"!i into
a checklist that future work could use to t'nm'im'mg]_l' demonstrate hll!-l![:ﬁﬂ] effects on visual perception. The []jwnwr_\' of
substantive fula-:hm'u effects of cognition on perception would revolutionize our understanding of how the mind is organieed; bt
without :!.I:I.l!]’l'h‘sill_L" these pJ'H':Jllzi. no such :-ml:im'.d report will license such exciting comelusions.

erception vs. cognition
seeing vs. thinking

pitfalls is empiri




Six pitfalls:

* An overly confirmatory research strategy
* Perception vs. judgment

 Demand and response bias

* Low-level differences

* Peripheral attentional effects

* Memory and recognition



Food for thought:

e Is there a clear divide between perception /
cognition?

* Are there any counterexamples to modularity?
* Are there other clear pieces of mind?

* Are other parts of the mind modular? Is any part?

e Hallucination??
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Another one bites the dust! So exciting to see this since

included the idea that the Miiller-Leyer illusion is dependent on culture
in the incredibly influential (and mostly lost in translation) WEIRD thesis.
| felt it was unlikely. Looked up the data and it was all ancient, tiny, weak
studies. But how to test it?.... Well, just did
the hard work and Bingo: Turns out it was yet another "important if true”,
"Too big to test (TM)" Shibboleth. Nice work!

@ Dorsa Amir

Does the culture you grow up in shape the way you see the world? In a new
Psych Review paper, @chazfirestone & | tackle this centuries-old question
using the Miiller-Lyer illusion as a case study. Come think through one of
history's mysteries with us © (1/13):

Is visual perception WEIRD?
The Miiller-Lyer illusion and
the Cultural Byproduct Hypothesis

Dorsa Amir' & Chaz Firestone®

The top line
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included the idea that the Miiller-Leyer illusion is dependent on cultu re
in the incredibly influential (and mostly lost in translation) WEIRD thesis.
| felt it was unlikely. Looked up the data and it was all ancient, ti ny, weak
studies. But how to test it?.... Well, @DorsaAmir @chazfirestone just did

the hard work and Bingo: Turns out it was yet annther n‘nportant if true”,
"Too big to test (TM)" Shibboleth. Nice work!
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Does the culture you grow up in shape the way you see the world? In a new
Psych Review paper, @chazfirestone & | tackle this centuries-old question
using the Miiller-Lyer illusion as a case study. Come think through one of
history's mysteries with US: {113):

Is visual perception WEIRD?

The Miiller-Lyer illusion and
the Cultural Byproduct Hypothesis

Dorsa Amir' & Chaz Firestone®
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Q Joe Henrich Vi

Let's review. Game on. The question: Is there evidence that population-
level ‘u"ﬁl'latl{)n exists in susceptibility to visual illusions? @DorsaAmir &

azfirestone wrote a fascinating paper to which | will reply in two
stnrm tweets. | see major problems. Storm 1 coming...

‘@ Timothy Bates {&

Another one bites the dust! So exciting to see this since @JoHenrich included
the idea that the Miiller-Leyer illusion is dependent on culture in the incredibly
influential (and mostly lost in translation) WEIRD thesis.

| felt it was unlikely. Looked up the data and it was all x.com/DorsaAmir/stat...
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Let's review. Game on. The question: Is there evidence that population-
level variation exists in susceptibility to visual illusions? &

wrofte a fascinating paper to which | will reply in two
storm tweets. | see major problems. Storm 1 coming...
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Abstract

The study of visual memory is typically concemed with an image’s comient; How well, and with what precision, we can recall
which objects, people, or features we lave seen in the past. But images also vary in their gualin: The same object or scene may
appear in an image that is sharp and highly resolved, or it may appear in an image that is blurry and faded. How do we remember
those properties? Here six experiments demonstrate a new phenomenon of “vividness extension™ a tendency to (misjremember
images as though they ane “enhanoced” versions of themselves — that i, sharper and higher quality than they actually appeared at
the time of encoding. Subjects briefly saw images of scenes that varied in how blurmy they were, and then adjusied a new image o
e s blurry as the original. Unlike an old photograph that fades and blurs, subjects misremembered scenes as more vivid (Le., less
blurry) than those seenes had actually sppeared momenis earlier. Follow-up experiments extended this phenomenon to saturation
and pixelation — with subjects recalling scenes as more colorful and resolved — and ruled out various forms of response bias. We
suggest that memory misrepresents the quality of what we kave seen, such that the world is remembered & more vivid than it is.

Keywords Scene perception - Memary - Vividness - Boundary extension

Introduction

‘What's in a picture? The images we see have costent,
such as objects, places, events. and people; a photo-
graph, for example, might show two friends strolling
on a beach. However, images vary not only in their
content, but also in their guaelin: A photograph of the
very same beach-walk may be sharp, resolved. and sat-
urated; or it could be blurry, grainy, or faded - and this
too i a propery of images that we may see and en-
code. Research on visual memory is typically concerned
with memory for the former kinds of demails — the
capacity and precision of our ability to recall contentfisl
information such as which people. objects, events,
places, colors, or shapes were present in oan image.
Bur what about the lamer kinds of details? How do we
remember the quality of the images we see?

Suppose, for example, that you see a blurry photograph,
grainy television broadcast, or faded piece of artwork, and you

attempt 1o recall not what the images were about, but instead
how blurry, griny, or faded they were, regardless of their
content. I8 memory for such properties sccurate? Or might
such memories show biases, misrepresenting the quality of
the images we see? Here, we explore this question by inves-
tigating memory for image quality.

Are memories better or worse than the real thing?

What kind of bias might there be for memories of image
quality? On one hand, memories decay {in that stored
imformation becomes harder 10 retrieve over time), and
this might produce a corresponding “decay”™ in the qual-
ity atributed o those feamres. In thar case, a5 memories
of a photograph or broadeast fade into the past, we might

ber the i th Ives as having been graimier
and more faded. Indeed. it has recently been suggested
that memories “literally fade” such that images may be
catimated as less bright or salient when they are recalled
from v than when they are viewed online {Cooper,

i~ Char Firesione
chaedijhwedu

! Depanment af Peychobogical and Brain Sciences, Johms Hoplins
University, 3400 N Charles 5t, Baltmore, WD 21218, USA

£ Springer

Kensinger, & Ritchey, 200%). This prediction not only
seems subjectively inmoitive, but it could also naturally
emerge from sensory recruitment models of working
memory, on which such memories are essentially
reactivations of sensory states (Harrison & Tong, 204
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Abstract

The siudy of visual memory is typically concemed with an image’s confemy: How well. and with what precision, we can recall
which objects, people, or featres we have seen in the past. But images also vary in their gualin: The same object or scene may
appear in an image that is sharp and highly resolved, or it may appear inan image that is blurry and faded. How do we remember
those properties? Here six experiments demonstrate 8 new phenomenon of “vividness extension™ a tendency to (misjremember
images as though they are “enhanced” versions of themselves — that is, sharper and higher quality than they actually appeared at
the time of encoding. Subjects briefly saw images of scenes that varied in how blurry they were, and then adjustzd a new image to
Iz a8 Blurry as the original. Unlike an old photograph that fades and blurs, subjects misremembered scenes as more vivid (e, less
Iharry) than those scenes had actually appeared moments earlier. Follow-up experiments extended this phenomenon to saturation
and pinelation — with subjects recalling scenes as more colborful and resolved — and ruled owt various forms of response bias. We
snggest that memory misrepresents the quality of what we have seen, such that the word is remembered as mose vivid than it is.

Keywords Scenc perception - Memory - Vividness - Boundary extension

Introduction

What's in a picture? The images we see have cowdent,
such as objects, places, events. and people; a photo-
graph, for example, might show two friends strolling
on a beach. However, images vary not only in their
content, but alse in their gualin: A photograph of the
very same beach-walk may be sharp, resolved. and sat-
urated; or it could be blurry, grainy, or faded — and this
toa i a property of images that we may see and en-
code. Research on visual memory is typically concermed
with memory for the former kinds of details — the
capacity and precision of our ability to recall contentfial
information such as which people. objects, events,
places, colors, or shapes were present in an image.
But what about the latter kinds of details? How do we
remember the quality of the images we see?

Suppoze, for example, that you see a blurry photograph,
grainy tebevision broadcast, or faded piece of arwork, and you
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attempt to recall not what the images were about, but instesd
how blurry, grainy, or faded they were, regardless of their
content. Is memory for such properties sccurate? Or might
such memories show biases, misrepresenting the quality of
the images we see Here, we explore this question by inves-
tigating memaory for image quality.

Are memories better or worse than the real thing?

What kind of bias might there be for memories of image
quality? On one hand, memories decay (in that stored
information becomes harder to retrieve over time), and
this might produce a cormesponding “decay”™ in the gual-
ity atributed to those features. In thar case, as memories
of a photograph or broadeast fade into the past, we might
remember the images themselves as having feen grainier
and more faded. Indeed. it has recently been suggested
that memories “literally fade.” such that images may be
catimated as less bright or salient when they are recalled
from memory than when they are viewed onling {Cooper,
Kensinger, & Ritchey, 2009). This prediction not only
seems subjectively intoitive, but it eould also naturally
cmerge from sensory recruitment models of working
memory, on which such memories are essentially
reactivations of sensory states (Hamison & Tong, 2008:
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It isn’t just our visual
memories that are “hi-def’!



"Rosy Retrospection”
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"Rosy Retrospection

Temporal Adjustments in the
Evaluation of Events: The “Rosy View”

In a series of three investigations we examined people's anticipation of, actual
experiences in, and subsequent recollection of meaningful life events: a trip to Europe, a
Thanksgiving vacation, and a 3-week bicycle trip in California. The results of all three
studies supported the hypothesis that people's expectations of personal events are more
positive than their actual experience during the event itself, and their subsequent
recollection of that event is more positive than the actual experience. The “rosy view”
phenomenon is associated with an increase in the number of negative thoughts during
the event which seem to be caused by distractions, disappointment, and a less positive
view of the self. However, these effects are short-lived; within days after the event,
people have much more positive evaluations of the event. We discuss alternative

interpretations for our findings and implications for group and organizational settings.

Mitchell et al., 1997



Our memories aren’t nearly
as reliable as we think!



For example: Where was
the mushroom?



COGNITIVE PSYCHOLOGY 7, 560-572

Leading Questions and the Eyewitness Report

ELizaBetrH F. LorTus

University of Washington

A total of 490 subjects, in four experiments, saw films of complex, fast-moving
events, such as automobile accidents or classroom disruptions. The purpose of
these experiments was to investigate how the wording of questions asked immedi-
ately after an event may influence responses to questions asked considerably
later. It is shown that when the initial question contains either true presuppositions
(e.g8., it postulates the existence of an object that did exist in the scene) or false
presuppositions (e.g., postulates the existence of an object that did not exist), the
likelihood is increased that subjects will later report having seen the presupposed
object. The results suggest that questions asked immediately after an event can
introduce new—nol necessarily correct—information, which is then added to the
memorial representation of the event, thereby caunsing its reconstruction or alter-
ation

Although current theories of memory are derived largely from experi-
ments involving lists of words or sentences, many memories occurring in
everyday life involve complex, largely visual, and often fast-moving
events. Of course. we are rarely required to provide precise recall of
such experiences—though as we age, we often volunteer them—but on
occasion such recall is demanded, as when we have witnessed a crime or
an accident. Our theories should be able to encompass such socially im-
portant forms of memory. It is clearly of concern to the law. to police
and insurance investigators, and to others to know something about the
completeness, accuracy, and malleability of such memories.

When one has witnessed an important event, one is sometimes asked
a series of questions about it. Do these questions, if asked immediately
after the event, influence the memory of it that then develops? This
paper first summarizes research suggesting that the wording of such ini-
tial questions can have a substantial effect on the answers given, and
then reports four new studies showing that the wording of these initial
questions can also influence the answers to different questions asked at

This research was supported in part by a grant to the author by the United States De-
partment of Transportation, Urban Mass Transportation Administration. The manuscript
has benefited enormously from the comments of Dedre Gentner, Geoffrey Loftus, Duncan
Luce, and Steve Woods. Several undergraduates contributed ideas and/or other assistance
in connection with this research: Diane Altman, Helen Burns, Robert Geballe. John
Palmer, and Steven Reed. Requests for reprints should be sent to Elizabeth F, Loftus. De-
partment of Psychology, University of Washington, Seattle, WA 98195,
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A total of 490 subjects, in four experiments, saw films of complex, fast-moving

events, such as automobile accidents or classroom disruptions. The purpose of

these experiments was to investigate how tt

e wording of questions asked immedi-
ately after an event may influence responses to questions asked considerably
later. Tt is shown that when the initial question contains either true presuppositions
(e.8., It postulates the existence of an object that did exist in the scene) or false
presuppositions (e.g., postulates the existence of an object that did not exist). the
likelihood is increased that subjects will later report having seen the presupposed
object. The results suggest that questions asked immediately after an event can
introduce new—not necessarily correct—information, which is then added to the
memorial representation of the event, thereby causing its reconstruction or alter-

ation

Although current theories of memory are derived largely from experi-
ments involving lists of words or sentences, many memories occurring in
everyday life involve complex, largely visual, and often fast-moving
events. Of course, we are rarely required to provide precise recall of
such experiences—though as we age, we often volunteer them—but on
occasion such recall is demanded, as when we have witnessed a crime or
an accident. Our theories should be able to encompass such socially im-
portant forms of memory. It is clearly of concern to the law. to police
and insurance investigators, and to others to know something about the
completeness, accuracy. and malleability of such memories.

When one has witnessed an important event, one is sometimes asked
a series of questions about it. Do these questions, if asked immediately
after the event, influence the memory of it that then develops? This
paper first summarizes research suggesting that the wording of such ini-
tial questions can have a substantial effect on the answers given. and
then reports four new studies showing that the wording of these initial
questions can also influence the answers to different questions asked at

'his research was supported in part by a grant to the author by the United States De-
partment of Transportation, Urban Mass Transportation Administration. The manuscript

has benefited enormously from

comments of Dedre Gentner, Geoff

) rey Loftus, Duncan
Luce, and Steve Woods. Several undergraduates contributed ideas and/or other assistance
in connection with this research: Diane Altman, Helen Burns, Robert Geballe, John
Palmer, and Steven Reed. Requests for reprints should be sent to Elizabeth F. Loftus. De-
partment of Psychology, University of Washington, Seattle. WA 98195
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What did you see?






Unconscious Transference in Eyewitness
Identification

Elizabeth F. Loftus, Ph.D*

I. Introduction

A ticket agent in a railroad station was held up at gunpoint and
subsequently recognized a sailor in a lineup as the culprit. The
sailor had an ironelad alibi, however, and was eventually released
from custody. The ticket agent was later interviewed in an attempt
to determine why he had misidentified the sailor; he said that when
he zaw the sailor in the lineup his face looked familiar. As it hap-
pened, the sailor's base was near the railroad station, and on three
occasions prior to the robbery he had purchased tickets from this
agent. It appears then that the ticket agent mistakenly assumed
that the familiarity of the face related back to the robbery, when it
undoubtedly related back to the three times the sailor had bought
train tickets.!

In the ticket agent case, a person seen in one situation (buying
tickets) was confused with or recalled as the person seen in a second
situation {committing armed robbery). Glanville Williams® has
termed this phenomenon “unconscious transference’”. In his discus-
sion of an English murder case which may have resulted in the
execution of an innocent man, Williams points out that one of the
witnesses who identified the defendant had seen him briefly prior
to the crime and may have unconsciously effected a transference.®

There are many cases in which one might infer from the state-
ments of facts that a transference had occurred, but cases in which
the transference problem has been specifically discussed are vir-
tually nonexistent.’ Rather than rely on individual cases, we shall
examine the psychological literature to confirm the occurrence of
unconscious transference.

In a recent experiment by Buckhout® 141 students witnessed a

* Professor of Psychology, University of Washington. Requests for reprinis
should be sent to Professor Elizabeth Loftus, Department of Psychology, University
of Washington, Seattle, Washington 93105,

1. P WaLr, Eve-Wirkess loevmipicamion v Crimmiar Cages (1985).

2. G. WiLuiamz, Tre Proor or Gur (1963).

3. Id.

4. WaLL, supra note 1.

5. Buckhout, Evewitness Testimony, 231 Sciewminc Awm., Dec., 1974, at 23.
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The Visual Mandela Effect as Evidence
for Shared and Specific False Memories
Across People

00

Deepasri Prasad and Wilma A. Bainbridge
D of Psychology, The L

y of Chicugo

Abstract

The Mandela effect is an Intemet phenomenon describing shared and consistent false memories for spedific icons in
popular culture. The visual Mandela effect is a Mandela effect specific to visual icons (e.g., the Monopoly Man is falsely
remembered as having a monocle) and has not yet been empirically quantified or tested. In Experiment 1 (N = 100
adults), we demonstrated that centain images from popular iconography elicit consistent, specific false memories. In
Experiment 2 (N = 60 adults), using eye-tracking-like methods, we found no attentional or visual differences that drive
this phenomenon. There is no clear difference in the | visual exg ¢ of these i (Experiment 3), and
these erross also occur spontaneously during recall (Experiment 4; N = 50 adults). These results demonstrate that there
are certain images for which people consistently make the same false-memory error, despite the majority of visual

experience being the canonical image.

Keywords

visual memory, recognition, visual recall, memory erors, drawing paradigm, open data, open materials
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Popular icons, such as characters or logos, are inten-
tionally designed to be eye catching and memorable.
Unless the design changes, people are repeatedly
exposed to the same canonical icon (i.e., the official,
in-use design), which creates a strong sense of familiar-
ity. However, there are some icons for which many
people report strongly remembering a different version,
one that is not the canonical icon. Interestingly, this
incorrect version is the same across those individuals
with this false memory. This phenomenon of specific
and consistent visual false memories for certain images
in popular culture is called the visual Mandela effect
(VME). If such specific shared false memory exists, it
suggests commonalities across our experiences of these
images or a role of properties intrinsic to these images
on false memory.

The term “Mandela effect” was coined by Fiona
Broome, a paranormal researcher, to describe her false
memory of Nelson Mandela dying in prison in the 1980s
(Broome, 2010). She claimed that other people also had
the same false memory. The term has since propagated
on the Intemnet to describe instances in which many

people share highly specific false memories for names,
events, or images. For example, people report having a
strong recollection that the Monopoly Man, mascot for
the board game Monopoly, wears a monocle. To their
surprise, he does not nor has he ever (Fig. 1). Broome
and other individuals on the Internet have interpreted
this shared false experience as evidence of alternate
dimensions. Thus, most of the existing literature on the
Mandela effect uses it as an example of a conspiracy
theory (Maswood & Rajaram, 2019). However, examin-
ing the Mandela effect as a psychological phenomenon
could shed light on the nature of memory representa-
tions and how false memories form. In this study, we
provide a comp. i ion of the VME, a
specific type of Mandela effect in the visual modality,
and investigate its consistency across people.

Corresponding Author:
Wilma A. Baink The U v of Chicago. Dey of
Psychology

Email wilma@uchicago.edu




Mandela effect:

Vivid, shared

false memories.




Is memory for remembering? Recollection as a form
of episodic hypothetical thinking

Felipe De Brigard
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SOME EXPERIMENTS ON THE REPRODUCTION
OF FOLK-STORIES.

BY F. C. BARTLETT.
(From the Psychological Laboratory, University of Cambridge.)

[. INTRODUCTION.

WHEN a story is passed on from one person to another, each
man repeating, as he imagines, what he has heard from the
last narrator, it undergoes many successive changes before
it at length arrives at that relatively fixed form in which it
may become current throughout a whole community. To
discover the principles according to which successive
versions in such a process of change may be traced, presents
problems of considerable interest, both for psychology and
for sociology. Moreover, precisely the same type of pro-
blems confront investigators who endeavour to study the
diffusion of decorative and representative art forms, of
music, of social customs, institutions, and beliefs, and in
fact, of almost every element which enters into the varied
and complex life of man in society.

One possible line of approach to the study of these pro-
blems is by way of psychological experiment. No doubt
many of the most potent influences which help to determine
the nature and direction of conventionalisation in daily
life are definitely social in origin. And such influences are
not clearly brought out by the type of experiment the
results of which I propoese to discuss in the present paper.
In these experiments subjects effected their reproduction
of the presented material rather as isolated individuals
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TeleFace: Serial Reproduction of Faces Reveals a Whiteward Bias in
Race Memory

Stefan Uddenberg and Brian J. Scholl
Yale University

Ibwumen:odadmmwhmngl&u’"mwm;mdqﬂtmbﬂsn
whach our ies of faces ge on certain pri d regions in our underlying “face space.” as
they relate to p d race. This was made especially salient using a new visual vaniant
of the method of serial reproduction: “TeleFace.™ A single face was bricfly presented. with its mce
selected from a smooth continusm between Whise and Black (matched for mean luminance). The
cbserver then reproduced that face, using a slider to moeph 2 test face along this continoum. Their
response was then used as the face initially presemted 1o the next observer, and so on down the line in
cach reproduction chain. White observers' chains consistently and steadily converged onto faces
syuﬁnndyWhiﬂﬂ:-hyhdnmdlycmnd—Whmde:mpulﬁc:mth:dun
and the i s dless of where chains began. Indeed. even chains beginning near
the Black end of the continuum inevitably ended up well into White space. Very different patterns
resulted when the sume method was applied 1o other arbitrary face stimuli. These results highlight a
systematic bias in memocy for race in Whaite observers. perhaps contributing to the more general notion
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Faces, Spaces, and Races
Although the underlying biological reality of race is disputed. its
psychological and perceptual reality is not (Cosmides, Tooby, &
Kurzban, 2003). As such. a key task for research on social per-
ception is to d ine how race is ded into visual memory—
especially in the context of what are surely the most ubiguitous and
sabent social stimuli of all: faces. And as is so often the case,
insights into this process may come from an exploration of how it
can go awry, Visual memory for race in faces. like any form of
memory, is imperfect. This can arise from poisy representations,
but some of this imperfection may also arise because of biases in
memory.
lnnhxnuybelhemnpopnlarlmnewmkfadixmﬂng(m
ioa, race is ch 1zed & a (set of) di 1 within
a multidimensional “face space.’ In this framework, a bias in visual
memory may arise when some particular region(s) of the space are

prionitized—such that a face representation is in effect pulled from
one region in the space toward some other region. Here we explore
the possibility that visual memory for faces—using race as & case
study—is in effect biased toward our representation of a ‘default
face." We aim to document the existence of such a bus, 10
characterize its nature and extent, and to kighlight how it coaflicts
in a striking way with most past research on memory for race. In
doingm.wealma’m to demonstrate bow a vanant of the method
of serial here applied 10 visual stimuli (in mtalwc
call the ‘TeleFace' task)—may be especially useful for

the nature of such ‘default’ :epresemaum

Representing Faces
Human faces are among the most salient and important visual
stimuli we encounter in our everyday lives. Yet the differences

between faces are subtle, as they all share the same parts and
ghbdmﬁgwmﬁmmmmhawmmmmmn
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in 2 how we perceive and ber vanous aspects
of such su'mull in terms of an underlying multidimensional “face
space” (for recemt reviews see Todorov, Olivola, Dotsch, &
Mende-Siedlecki, 2015; Valentine, Lewis, & Hills, 2016). In this
fi ok, faces are rep d ot as ly varying visual
stimuli, hulnﬂmmunnsofnpmﬁcmo(comnmdhmn-
sions that collectively hological simil space.
Asmh{msmamsmdxmmmdmonammu
dimensioas are located close 10 one another in the ‘space,’ whereas
faces with dissimilar values on many dimenssons are further apart.
Some such dimensions may reflect relatively simple geometnc
properties (e.g., nose size or forebead height: e.g.. Hurdben, 2001),
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while others may reflect more holistic and complex pattems (e.g.,




Aveecan
Parovcioucal
ASIOCANON

Journal of Experimental Psychology: General

© 200K American Prychalogical Assocties
OO0 S444 1IKS 1 100

201K Vel. 147, No. 10, 1466 - 1447
beagriids dosang 30 105 hpedin 46

TeleFace: Serial Reproduction of Faces Reveals a Whiteward Bias in

Race Memory

Stefan Uddenberg and Brian J. Scholl
Yale University

How is race encoded into memory when viewing faces? Here we demonstrale a novel systematic bias in
whach our ies of faces ge On certain pri d regions in our underlying “¥ace space.” as
they relate to perceived race. This B was made ly salient using a new visual vanant
of the method of serial reproduction: “TeleFace.™ A single face was bricfly presented. with its mce
selected from a smooth comtinuusm between White and Black (matched for mean luminance). The
cbserver then seproduced that face, using a slider to moeph a2 test foce along this continoum. Their
response was then used as the face initially presented 1o the next observer, and so ca down the line in
cach meproduction chain. White observers’ chains consistemtly and steadily converged onto faces
significantly Whn:r lhn lbev had initially encountered - Whiter than both the original face in the chain
and the i less of where chains began. Indeed, even chains beginning near
the Black end of lhc mnnmum m'mblv ended up well into White space. Very different patterns
resulted when the sume method was applied to other arbitrary face stimuli. These results highlight a
systematic bias in memocy for race in Whaite observers. perhaps contributing to the more general notion

in social cognition research of a ‘White default’

Keywords: face memory, face iR, mce p
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Faces, Spaces, and Races

Although the underlying beological reality of race is disputed. its
psychological and perceptual reality is not (Cosmides, Tooby, &
Kurzban, 2003). As such. a key task for research on social per-
ception is to determine how race is encoded into visual memoey—
especially in the context of what are surely the most ubiquitous and
salent social stmuli of all: faces. And as is s0 often the case,
insights o this process may come from an exploration of how it
can go awry. Visual memory for race in faces, like any form of
memory, is inperfect. This can arise from noisy representations,
but some of this imperfection may also arise because of biases in
memory.

In what may be the most pupul.u framework for discussing face

race is ch d a8 a (set of) dimension(s) within
a nuludnmmwml “face space.’ In this framework, a bias in visual
memory may arise when some particular region(s) of the space are
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d—such that a face rep 100 18 in effect pulled from
om region in the space toward some other region. Here we explore
the possibility that visual memoey for faces— using race as a case
study—is in effect biased toward our representation of a ‘default
face." We aim to document the existence of such a bas, 10
characterize its nature and extent, and 10 highlight how it coaflicts
in a striking way with most past research on memory for race. In
doing so, we also aim to demonstrate how a vanant of the method
of serial reproduction— here applied 10 visual stimul (in what we
call the ‘TeleFace' task)—may be especially useful for revealing
the nature of such ‘default” representations.

Representing Faces

Human faces are among the most salient and important visual
stimuli we encounter in our everyday lives. Yet the differences
between faces are subtle, as they all share the same pars and
glob.u wnﬁgwnum Great strides have been made in recent years
d ng how we pe: and ber vanous aspects

ol such s.umnh in terms of an underlying multudimensional “face
space” (for recemt reviews see Todorov, Olivola, Dotsch, &
Mende-Siedlecki, 2015; Valentine, Lewis, & Hills, 2016). In this

{ ok, faces are reg d ot as arbitrarily varying visual
stimuli, but rather in terms of a specific set of continsous dimen-
stons that collectively prise a psychol I similarity space.

Asmh.hmslhmmsumlmmcnemummunumbau{
dimensions are located close 10 one another in the ‘space,” whereas

faces with dissimilar values on many dimenssons are further apart.
Some such dimensions nuv reflect relatively simple geometnc
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(e.g.. nose size or forebead height; e.g.. Hurlbert, 2001),
v\hnle others may reflect more bolistic and complex pattems (e.g.,
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) Start Middle
How is race encoded into memory when viewing faces? Here we demonstrale a novel systematic bias in
d regions in our underlying “¥ace space.” as 8 -
they relate to perceived race. This convergence was made especially salient using a new visual variant
of the method of serial reproduction: “TeleFace.” A single face was briefly presented. with its mce
selected from a smooth comtinuusm between White and Black (matched for mean luminance). The
cbserver then reproduced that face, using a slider to morph a test face along this continoum. Their
2 response was then used as the face initially presemted 1o the next observer, and 50 cn down the line in 7 -
= cach meproduction chain. White observers’ chains consistemtly and steadily converged onto faces
significantly Whiter than |hc\ had imitially encountered - Whiter than both the orginal face in the chain
and the s midy dless of where chains began. Indeed, even chains beginning near
the Black end of the mnumnm |nt\1|zbh ended up well into White space. Very different patterns
resulted when the sume method was applied to other arbitrary face stimuli. These results highlight a
systematic bias in memocy for race in Whaite observers. perhaps contributing to the more general notion
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Faces, Spaces, and Races

Although the underlying beological reality of race is disputed. its
psychological and perceptual reality is not (Cosmides, Tooby, &
Kurzban, 2003). As such. a key task for research on social per-
ception is to determine how race is encoded into visual memory—
especially in the context of what are surely the most ubiquitoas and
sabent social stmuli of all: faces. And as is so often the case,
insights o this process may come from an exploration of how it
can go awry, Visual memory for race in faces, like any form of
memory, is inperfect. This can arise from noisy representations,
but some of this imperfection may also arise because of biases in
memory.

In what may be the most popular framework for discussing face
perception, race is charactenized i a (set of) dimension(s) within
a multidimensional ‘face space.’ In this framework, a baas in visual
memory may arise when some particular region(s) of the space are
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prionitized—such that a face representation s in effect pulled from
one region in the space toward some other region. Here we explore
the possibility that visual memory for faces—using race as 3 case
study—is in effect biased toward our representation of a ‘default
face." We aim to document the existence of such a bus, 10
charactenize its nature and extent, and 10 highlight how it coaflicts
in a striking way with most past research on memory for race. In
doing so, we also aim to demonstrate how a vanant of the method
of serial reproduction— here applied 10 visual stimuli (in what we
call the ‘TeleFace' task)—may be especially useful for revealing
the nature of such ‘default’ representations.

Representing Faces

Human faces are among the most salient and important visual
stimuli we encounter in our everyday lives. Yet the differences
between faces are subtle, as they all share the same pars and
global configuration. Great strides have been made in recent years
in understanding how we perceive and remember vanous aspects
of such stumuli in terms of an underlying multidimensional “face
space” (for recemt reviews see Todorov, Olivola, Dotsch, &
Mende-Siedlecki, 2015; Valentine, Lewis, & Hills, 2016). In this
framework, faces are represented ot as arbitrarily varying visual
stimuli, but rather in terms of a specific set of continuous dimen-
stons that collectively comprise a psychological similanity space.
As such, faces that are similar 10 one another on 4 number of
dimensions are located close 10 one another in the ‘space,” whereas
faces with dissimilar values on many dimenssons are further apart.
Some such dimensions may reflect relatively simple geometnc

Uddenberg or Brian J. Scholl, Department of Pnubnlop Yale University,
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Systematic angular biases in the representation of visual space
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Abstract

Representing spatial information is one of our most foundational abilitics. Yet in the present work we find that even the
simplest possible spatial tasks reveal surprising, systematic misrepresentations of space—such as biases wherein objects
are perceived and remembered as being nearer to the centers of their surrounding quadrants. We employed both a
placement task (in which observers see two differently sized shapes, one of which has a dot in it, and then must place
a second dot n the other shape so that their relative locations are equated) and a matching task (in which observers see
two dots, each inside a separate shape, and must simply report whether their relative locations are matched). Some of the
resulting hiases were shape specific. For example, when dots appeared in a triangle during the placement task, the dots
placed by observers were biased away from certmin parts of the symmetry axes. But other systematic biases were not
shape specific, and seemed instead to reflect differences in the grain of resolution for different regions of space. For
example, with both a circle and even a shapeless configuration (with only a central landmark) in the matching task,
observers were better at discriminating angular differences (when a dot changed positions around the circle, as opposed
to imward/outward changes) in cardinal versus oblique sectors. These data reveal a powerful angular spatial bias, and
highlight how the resolution of spatial representation differs for different regions and dimensions of space itself.

Keywords Spatial perception - Shape perception - Spatial biases

The ability to accurately perceive and represent space is vital
to our success 4s a species. This is intuitively obvious in the
comtext of skills such as navigation—because even getting to
and from your home each day would be impossible without
spatial representations. But, in addition, spatial representations
are also thought to be at the foundation of many other cogni-
tive processes, from object representation (e g, Driver, Davis,
Russell, Turatto, & Freeman, 2001; Kahneman, Treisman, &
Gibbs, 1992), to numerical processing (e.g., Dehaene,
Bossini, & Giraux, 1993; Zord, Priftis, & Umilta, 2002), to
reasoning about social relationships (e.g., Parkinson &
Wheatley, 2013).
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Spatial representation and spatial biases

Ever since classic work on the *cognitive map” (Tolman,
1948), a great deal of research has been devoted to
explaining the nature of spatial representations. Some of this
work appeals to an underlying coordinate system, in which
objects can be represented in absolute terms—as in proposals
for a Euclidean map that represents locations and spatial
relationships in a common coordinate system (e.g.,
Gallistel, 1990; (' Keefe & Nadel, 1978). (Such representa-
tions are often thought to be supported by “place cells” that
fire selectively to specific locations; e.g.. O'Keefe &
Dostrovsky, 1971.) Other work appeals to more relative sorts
of representations, in which locations are represented via
their angle and distance relationships to other objects (e.g.,
Kuipers, Tecuci, & Stankiewicz, 2003; Werner, Krieg-
Briickner, & Hermann, 20(0), and some animals navigate
via representations of egocentnic paths, based, for example,
on counting the number of steps taken (e.g., McNaughton,
Battaglia, Jensen, Moser, & Moser, 2006; Miiller & Wehner,
1988). (And these sorts of representations are sometimes
thought to be supported by “grid cells” that fire selectively
to periodic regions of space with a particular hexagonal
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Categories and Particulars: Prototype Effects in Estimating Spatial Location

Janellen Hurtenlocher, Larry ¥ Hedges, and Susan Duncan
Lniversity of Chicage

A model of category effiects on reports from memory is presentsd. The model bokds that stimul] ane
represenied a1 2 Jevels of detail: a hne-grain value and o catsgory, When memory is inexact but
peopls must report an exact valoe, they nse estimation that 1he

stimalos value with category infarmation, The proposed s31imanken processes inchade trancstion
Al category boundarics and weighting with a central {prototy pic) category value, Thess processes
introduce bias in reporting even when memory is unhizsed, bul nevertheless may improve overall
accummcy (by decreasing the variability of reports), Four experiments are presented in which people
report the location of a dot in a cirele. Subjects spontaneously impaose horizental and vertical
boundaries that divide the circle into quadrants, They misplace dots teward a central (prolotypic
lacation in each gquadmnt, a5 predicied by the model. The proposed maodel las broed implicarions;
oty il has the potertial io explain bigses of the sort deseribed in psychophysics feoniraction bias
ard the bias capeured by Weber's law) as well as asymmetrics in similarity judgments, without

of

Ini this article we propose a model of category effects found in
reports from episodic memory, that is, reports of the what,
when, and where of particular expericnces, For example, a per-
som may try to remember the particular properties of an object
fe.g. s size and color) or where an object was located, When
memory is inexact, people TEpOrts are reCORKLILCLIONS, in-
Muensced by schematic or category information fef. Bartlett,
1932; Brewer & Nakamura, [984). IT information is simply for-
gotten, a defuult value may be reported (eg., the wsual color of
that sort of object, or a location ceniral to the area where the
object could be). If information is remembered, but inexactly,
reports may be blends, intermediate between an actual stimu-
lus value and a category value icf, Belli, 1988).

Al present, precise modeds of category effects on reports of
particular experiences are lacking. In proposing such a model
here, we begin with stimulus domains based on confinuous
physical dimensions: object height, temporal or spatial loca-
tion, 2nd s0 on, The assumptions of the model are the familiar
ones implicit in the prévious examples that memory is hicrar-
chically organized and inexact, and that, in reporting, people
iy dras from information é1 two levels (a particular value and
a category). The model is novel in thal il posits thit reports of
particular stimulus values are based on estimation procedures
that take scoount of prior fcategory) information. Ome of these
eslimation processes, fruncation resulting from category
boundaries, was described earlier in Hullenlocher, Hedges, and

Profaska (1988), A second estimation process, weighting with a
prototype (3 central value in the category), is the focus in the
present artiche,

The proposed uses of category information in estimation
introduce systermatic biases in reporting even when memory,
although inexact, is not itself biased. While introducing bias,
these uses of category information nevertheless may be ratio-
nal; that is, they may improve the overall accuracy of reports by
d:cma.sm' their v:n:huluac This lunction of categories—the

iofi Iy nted stimubus values in a way
that may potentizlly vield more gccurale estimates—has not,
thus Far, been explosed,

In the next section, we describe the gencral form of the pro-
posed model. {The math ical formulation is | red in
the Appendix) Then we apply the model to the estimation of
spanial location. Four experiments are presented in which peo-
pie reprodduce the Jocation of a dot in a cirde: The observed
patterns of bias are those predicted by the model, The use of
categary information, in our experiments, improves the overall
accuracy of reporting. After cxplicatiog the model and produc-
ing the evidence for it in the case of the representation of spatial
location, we consider the application of the model 1o more
general issues. Motahhy, the model has implications for claims of
systematic distortion in the mental representation of values
alomg physically measurable dimensions, incleding spatial lo-
:'amm based on biases in reporting (eg, asymmetries in dis-

Thiz work was supporied in part by Alr Force Office of Scienific
Remearch, Pragram in Cognition, Grani AFOSR-A8-021 5. In addition
tooverall coauthorship, Larey ¥ Hedges developed the farmal presen-
tation that makes up the Appendix.

We thank Ray Adams and Jack Vivea for their help in both data
umatyses and siwlistical modeling and Miriam Bassok for helpfal com-
s oo an carlier draft of 1his article.

Cormespondente concerning this article should be addressed 1o Jan-
ellen Hutienlacher, Department of Psychology, University of Chicago,
5848 South University Avenue, Chicago, [linais 60637,

tance judg the biases deseribed in psychophysics). The
nmdelmmm.al least in some cases, such biases in report-
ing can be explained without positing biases in the represents.
tien of physical stimulus vabees. In addition, the model has
implications for arguments concerning the representation of
calegory information in memory. [n particular, a1 least for the
purpase of estimation, models that posit explicit representation
af category information (boundaries and prototypes) may yield
a more natural explanation than do medels that posit the im-
plicit representation of categories as seis of exemplars,
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