Episodic Visual Cognition
Implications for Object and Short-Term Recognition

Cumulative Dissertation

Submitted to the Faculty of Psychology and Sports Sciences,
Department of Psychology, at Bielefeld University
for the academic degree doctor rerum naturalium (Dr. rer. nat)

Submitted by Christian Hendrik Poth
Bielefeld, January 16, 2017

First examiner: Prof. Dr. Werner Schneider
Second examiner: PD Dr. Kathrin Finke
Head of the examination committee: apl. Prof. Dr. Gernot Horstmann



Contents

Acknowledgments ii

Summary v

Dissertation synopsis 2

1 Introduction 2
1.1 Visual cognition: A cornerstone of human goal-directed behavior . . . . . . . ... ... 2
1.2 Functions and mechanisms of visual cognition . . . . . . . ... ... ... ... ... 2
1.3 Two central functions of visual cognition: Object recognition and short-term recognition 2
1.4 Distinct visual processing episodes in object and short-term recognition . . . . . . . .. 3
1.5 Visual processing episodes as challenges for object and short-term recognition . . . . . . 3
1.6 Thepresentdissertation . . . . . . . . . . . . e 5

2 Theoretical background: Mechanisms for visual cognition within and across visual pro-

cessing episodes 6

2.1 Visual attention and workingmemory . . . . . . . . ... e 6
2.2 \Visual attention and working memory across visual processing episodes . . . . . . . .. 8
Object recognition across visual processing episodes 11

3.1 Object correspondence linking the visual processing episodes of successive eye xations 11
3.1.1 Object correspondence for object recognition based on multiple object features . 14
3.1.2 Object correspondence based on attentional weights and predictive remapping

ofreceptive elds . . . . . . . . . . ... 14

3.2 Attentional competition for object recognition across the visual processing episodes of

successive eye Xations . . . . . . . .. e e e e e 16
Short-term recognition across visual processing episodes 19
4.1 Short-term recognition requires encoding into visual working memory in previous pro-

CeSSING EPISOUES . . . . . . o ot 19
4.2 Priority in visual working memory impacts on distinct components of short-term recog-

NILION . . . e e 21
Episodic visual cognition: Discussion and outlook 24
5.1 Mechanisms of episodic visual cognition for object and short-term recognition . . . . . . 24

5.2 Open questions of episodic visual cognition . . . . . . .. ... .. ... ... ..... 26



5.3 Is episodicness a principle of visual cognition? . . . . .. ... ... ... ... ... 27

References 29

Original studies 38

Study 1: Breaking object correspondence across saccadic eye movements deteriorates object
recognition 38

Study 2: Breaking object correspondence across saccades impairs object recognition: The role
of color and luminance 49

Study 3: Attentional competition across saccadic eye movements 62

Study 4: Episodic short-term recognition requires encoding into visual working memory:
Evidence from probe recognition after letter report 89

Study 5: Prioritization in visual working memory enhances memory-retention and speeds up

processing in a comparison task 104
Appendix 129
Zusammenfassung

(German summary) 129

Erklarung der selbststandigen Abfassung der Dissertation
(Declaration of dissertation authorship) 132

Urheberschaftserklarung
(Declaration of manuscript authorship) 133

Bestatigung der Einreichung von Manuskripten zur Publikation
(Con rmation of manuscript submissions for publication) 134



Acknowledgments

First of all, | thank Werner Schneider for a truly great supervision, countless hours of inspiring and
helpful discussions, for his advice and constant, tireless support. | also thank Arvid Herwig for his
contributions to the rst study, Kathrin Finke for serving as the second examiner, and Gernot Horstmann
for heading the examination committee of this dissertation. Moreover, | am grateful for the team of the
Neuro-cognitive Psychology Unit at Bielefeld University, who made everyday life in the lab entertaining
and fun. Finally, | thank my girlfriend Ronja Boege, for her continuous encouragement, understanding,
and great help, my sister Nina for many helpful discussions, and parents Annette and Peter for steadily
backing me up.

This research was supported by the Cluster of Excellence Cognitive Interaction Technology 'CITEC'
(EXC 277) at Bielefeld University, which is funded by the German Research Foundation (DFG).



Summary

A great part of human behavior is based on visual cognition, the processing of visual information about
external objects. For goal-directed behavior, two functions of visual cognition seem especially impor-
tant. The rst one is object recognition. Objects in the environment must be identi ed as belonging to
an object category, so that they can be used to accomplish a given task. The second function is short-
term recognition. It must be recognized whether an object in the environment has been viewed recently,
so that current behavior involving the object can be related to previous behavior. Both functions share
a common constraint: They must be ful lled across distinct episodes of visual processing, which are
interrupted by changes in processing demands.

For object recognition, visual processing episodes lead to a problemlaftive integration That

is, it must be decided whether object information from the current episode should update and thus be

integrated with object representations from the previous episode. Alternatively, object representations

from two successive episodes are retained separately. This decision is critical. Updating and integration
should enable a cumulative and fast object recognition. However, integration should also conceal object

changes across episodes by leaving no separate representations that can be compared. Separation sho
improve change perception but impair object recognition, because limited visual processing resources
for object recognition must be split between the separate representations.

For short-term recognition visual processing episodes lead to a probleratoing That is, an ob-
ject from the current episode must be matched against object representations, not only from the previous
but from several episodes in the recent past (irrespective of whether objects are categorized).

The overarching goal of the present dissertation is to make a rst step in understanding how the
mechanisms underlying object recognition and short-term recognition operate across visual processing
episodes, and how they solve the two problems. In ve empirical studies, we investigated key issues
that must be addressed before a theoretical account of object and short-term recognition across visual
processing episodes can be given.

The rst three studies focused on object recognition across visual processing episodes of eye xa-
tions. Fixations are periods of visual information uptake, in which the eyes stand relatively still. They are
separated by rapid saccadic eye movements. Saccades are necessary for object recognition, because th
direct the central fovea of the eye's retina at interesting objects, allowing high-acuity inspection. How-
ever, saccades also disrupt visual input and displace and alter the retinal images of objects. Therefore,
saccades dissect visual information processing into distinct episodes of xations, which the mechanisms
for object recognition must accommodate. In two studies (Poth, Herwig, & Schneider, 2015; Poth &
Schneider, 2016a), we investigated how the selective integration problem is solved to support object
recognition across successive xations. We assessed the recent hypothesis (Schneider, 2013) that the
problem is solved by a mechanism testing for correspondence (“object continuity”) between an object
before and after a saccade. If object correspondence is established, the object before and after the sac
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cade should be integrated into a common representation. In contrast, if object correspondence is broken,
the object before and after the saccade should be represented separately. Separation should allow tc
compare the two representations, improving the discrimination of transsaccadic object displacements.
At the same time, however, object recognition of the object after the saccade should be impaired, be-
cause the necessary visual processing resources had to be split between the two representations. Resul
were consistent with this hypothesis. Breaking object correspondence by brie y blanking an object after
a saccade to it improved the discrimination of displacements of the object but impaired object recog-
nition. Thus, the object correspondence mechanism seems to impact on object recognition after the
saccade. Further experiments investigated the nature of object correspondence. They showed that objec
recognition was impaired when object correspondence was broken by changing an object's contrast-
polarity (and luminance), its color-and-luminance, and its color alone. Together with the initial nding,
this indicates that object correspondence is based on spatiotemporal as well as on the surface features @
objects. In the third study (Poth & Schneider, 2016b, submitted), we went on to test the limits of object
recognition across saccades. Because object recognition relies on limited visual processing resources, i
can only be achieved for a few objects at a time. Here, we examined if different objects must compete
for these resources across saccades. If this was the case, visual processing after a saccade would &
slowed down as more and more objects are viewed before the saccade. Our ndings show that this is
the case, but only if the objects are task-relevant. Therefore, the ndings support a key prediction of a
recent theory, namely that the importance of an object representation determines whether it will survive
a saccade and take up limited processing resources afterwards (Schneider, 2013).

With the fourth study (Poth & Schneider, 2016c), we turned from the processing episodes of succes-
sive eye xations to those de ned by appearing and disappearing objects and associated task-requirement
We asked about the relationship between the mechanisms underlying object recognition and those un-
derlying short-term recognition. Visual processing for object recognition is assumed to be complete
when an object has entered a limited-capacity visual working memory, where the object becomes avail-
able for being reported. We investigated if encoding into visual working memory is not only required
for object recognition in the current episode, but also for short-term recognition in upcoming episodes.
Supporting this notion, we found that objects that supposedly had not reached visual working memory
were not available for later short-term recognition. This nding argues that the initial steps of visual
processing before encoding into visual working memory are not suf cient for short-term recognition
in later episodes. Therefore, visual working memory may contribute to the solution of the matching
problem by limiting the amount of information considered in a short-term recognition task.

Finally, in the fth study (Poth & Schneider, 2016d, submitted), we investigated short-term recogni-
tion further, asking how short-term recognition in a later processing episode can be prepared in advance.
We assessed how prioritizing among objects represented in visual working memory impacts on two
distinct components of performance in an upcoming short-term recognition task. Our results showed
that such a prioritization improves memory-retention in visual working memory but also accelerates vi-
sual processing of objects for short-term recognition in a future episode. This indicates that changes in
processing priorities contribute to ongoing solutions of the matching problem of short-term recognition.

Taken together, the ve studies show how mechanisms of object and short-term recognition address
speci ¢ problems arising from the dissection of visual processing into distinct episodes. As such, the
studies implicate visual processing episodes as a source of problems for object and short-term recog-
nition, which is neglected in most contemporary research. Conversely, however, the studies also invite
speculation about the functional value of visual processing episodes for visual cognition.
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Chapter 1

Introduction

1.1 Visual cognition: A cornerstone of human understood at different levels of explanation (Marr,
goal-directed behavior 1982). For the present considerations, it is impor-
tant to distinguish théunctionsof visual cognition
Any goal-directed and intelligent behavior requirggom its mechanismsThe functions of visual cog-
information about the environment it is situated ifition can be thought of as the goals of visual pro-
For humans, a great part of this information is agessing or computation, with respect to a given task
quired visually, it is extracted from the light regisor given action requirements (cf. Neumann, 1987,
tered by the eyes (e.g., Marr, 1982; Palmer, 1999990). This has been called the “computational”
Using this information for controlling action rejeye| of explanation, because it dictates the overall

quires a great deal of further processing. An impcgnategy of visual processing (Marr, 1982).

tant part of this processing consists in visual cog- How the functions of visual coanition are bro
nition, creating and manipulating representations ed can be exolained in terms ofgthe mechaEisms
of external surfaces and objects (Cavanagh, 20% sual cogniti(F))n Mechanisms specify input rep
from lower-level visual input (that is provided b . ' )
put ( P ¥esentat|ons that are processed (cf. Palmer, 1978),

the lower levels of the brain's visual hierarchy, for tout representations that result from or i
overviews, see Gilbert, 2013a; Meister & Tessie utput representations that resuft from processing,

: e _ . and the transformation converting input into out-
Lavigne, 2013; Gilbert, 2013b; Albright, 2013). put (the actual process). De ned in this way, the

Once processed up to a certain level, the glechanisms are at what has been called the “algo-

ject representations established by visual cognitigfhmic” level of explanation (Marr, 1982).
can be used to perform goal-directed actions and

they become accessible for report (e.g., Bundes&rd Two central functions of visual cognition:
1990; Cavanagh, 2011; Schneider, 1995, 2013). Object recognition and short-term recog-
One may say that the object representations are nition

in a state of “access consciousness” (Block, 1995,

2011, cf. Dehaene, Changeux, Naccache, SacRyyo functions of visual cognition are central com-
& Sergent, 2006). In this way, visual cognitioRonents of most tasks humans perform to achieve

plays an essential role in most human goal-direcfé§lr behavioral goals. The rst function is object
behavior. recognition: identifying external objects as belong-

ing to a certain category and having certain features

1.2 Functions and mechanisms of visual cogni-(Bundesen, 1990). Object recognition answers the
tion question of which objects are there in the environ-
ment, which is a necessary requirement of using

Visual cognition serves as a guide to human actighe objects to perform a task. The second function
How visual cognition ful lls this purpose can bds short-term recognition: recognizing whether ob-
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jects have been viewed recently (e.g., Kahanabgirger, Rentschler, & Juttner, 2011). During sac-
Sekuler, 2002; Zhou, Kahana, & Sekuler, 200dades, however, vision is blurred and informa-
Poth & Schneider, 2016c). Short-term recognitidion uptake is suppressed (Krock & Moore, 2014,
answers the question of whether an object is aiurtz, 2008). Sampling of visual information is
countered rstly in recent time or whether it hatherefore largely restricted to the intervals of eye
occurred before. This function is implied in allxations. In addition, each saccade drastically
tasks in which speci ¢ object occurrences have thanges visual input. It changes the location of ob-
be tracked or discriminated over time. jects on the eye's retina, and due to the inhomo-

geneous visual resolution of the retina, this leads
1.4 Distinct visual processing episodes in ob-to changes in the visual acuity with which the ob-

ject and short-term recognition jects are sampled (Curcio & Allen, 1990; Land &

Tatler, 2009; Strasburger et al., 2011). Therefore,
Object recognition and short-term recognition agge xations constitute visual processing episodes,
part of a great deal of human goal-directed behayhich are bounded by saccades, and which are dis-
ior, which is organized into tasks and subtasks fict from one another due to the saccade-induced
distinct task steps (e.g., Duncan, 2013; Land ifiput changes (Schneider, 2013).

Tatler, 2009; Norman & Shallice, 1986). While be- According to TRAM theory (Schneider, 2013),

ing engaged in a task, new processing demands can : ) )

; ) . several factors create visual processing episodes
arise from changes in the environment and froin addition to saccadic eve movements. A new
the next task step (Schneider, 2013; cf. Duncan y '

2013). This leads to a fundamental constraint ;fiisode starts when objects appear or disappear in

both of the two functions of visual cognition: The%;u\;';lf:t de|ed1rgrewl?frrt1h%kr)ﬁ gtrefesitlsjl;?j Crr:)ire]:g:i:]o
have to be accomplished across distinct visual pro-. gree. N pre ng
episodes commence when visual processing priori-

[ [ hich h [ - ) ) )
cessing eplgodes, which are ¢ aracter!zed by.sﬁé%s change, for instance when different objects be-
i ¢ processing demands and processing Settm((::’osme relevant for the current task or the next task
(Schneider, 2013). u

step.

The concept of the visual processing episode
has been introduced by Schneider's (2013) the- .Takgn tert.h er, therg are a.number of factors
giving rise to distinct episodes in visual process-

ory of “Task-dRiven visual Attention and work- . : :
ing. Itis an open question whether or not the visual

ing Memory” (TRAM; note that visual processin . ) )

g V' ( .. . ' P " ocessing episodes caused by each of the different

episodes are called “competition episodes” therg), . . . .
ctors are identical with respect to the mechanisms

In this theory, a new visual processing episo ?visual cognition. However, irrespective of this
arises whenever the visual input or the processﬂ ual cog ' N bec )
stion, it is clear that visual processing episodes

demands of the current task change, and rocess| § )
g P e challenges that these mechanisms must over-

must be adapted accordingly. Egme

In human vision, one ubiquitous type of vi-
sual processing episode consists in a xation @fs Visual processing episodes as challenges

relatively stable eye position, which is separated  for object and short-term recognition
from the next by a rapid saccadic eye movement

(for reviews, see Gegenfurtner, 2016; Rolfs, 201bhe mechanisms underlying object recognition
Schitz, Braun, & Gegenfurtner, 2011). Saccadmsd short-term recognition operate over time and
are crucial for object recognition because they shiftiquire time for processing. Visual processing
the central foveal region of the eye's retina t@pisodes con ne processing in time which leads to
ward potentially important objects, so that these arentrasting problems for these two kinds of mech-
viewed with the highest visual acuity (cf. Strasnisms.
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For the mechanisms underlying object recoBeubel et al., 1996), or by combining the two (e.g.,
nition, visual processing episodes lead to whaDlostwoud Wijdenes, Marshall, & Bays, 2015; Wit-
call theselective integration problemSuccessive tenberg, Bremmer, & Wachtler, 2008). In both
processing episodes must be integrated in ordases, changes of object features (e.g., color or
to enable the cumulative acquisition of informdecation changes) across episodes would be un-
tion about objects for their recognition (e.g., Daletectable, because no two representations were
meyer, de Graef, Wagemans, & Verfaillie, 200@yvailable for comparison (cf. Schneider, 2013).
Kahneman, Treisman, & Gibbs, 1992; Rayner, M&his would impair goal-directed behavior, because
Conkie, & Zola, 1980). If this was not possiblesuch changes of object features may be relevant to
then each new visual processing episode wotihe current task or may otherwise signal important
force processing to start completely anew. Thesents in the environment (e.g., Rensink, 2002).
would impair or even prevent object recognitiomherefore, the selective integration problem is, at
because new visual processing episodes may dtartore, that it must be decided whether object in-
so often that the time left for a single episode fermation should be integrated or separated across
less than needed for object recognition. For imisual processing episodes.

stance, visual processing episodes consisting in €Yeg - the mechanisms underlying object recog-

xations are started anew by a saccade about o the current visual processing episode must
ery 250-300 ms (Land & Tatler, 2009) but obje¢q reconciled with the previous one to establish the

recognition can require that objects are viewed f85ject‘s features or object category. For the mech-
longer durations (e.g., Petersen & Andersen, 201y

) i isms underlying short-term recognition, visual
Shibuya & Bundesen, 1988). Likewise, new oby,cessing episodes pose a different problem, one
jects may appear or disappear and thereby s

: _ ; rFnatching Short-term recognition means deter-
new processing episodes very often (Schneidgfining whether a currently present object has been

2013), so that the duration of each episode faJg,yed recently. Hence, an object from the current
short of what is necessary for object recognitiogis, 5| processing episode must be matched against
Furthermore, object recognition could be impairgfe opiects of multiple recent episodes, irrespec-
because it relies on I|m|ted_ visual processing e of whether objects are categorized (as in ob-
sources that had to be split among object repygz; recognition). Such a matching requires to dis-
sentations if t.hese were not_lntegrat'ed (Schnei guish the content of visual processing episodes,
2013). Thus, if there was no integration of procesgspecially if similar objects can appear in multiple
ing across successive processing episodes, oQjetla| nrocessing episodes. Therefore, the func-
recognition in active saccade-mediated vision, afgh, of short-term recognition is intrinsically linked

in dynamic environments would be strongly hing, \isyal processing episodes. For this reason, we
dered. also called the function “episodic short-term recog-

However, if object information was integratedition” (Poth & Schneider, 2016c).

across processjng gpisodgs in any circumstance,—ro fulll their functions, the mechanisms
this would be likewise detrimental. Speci Ca”yunderlying object recognition and short-term

it would Cﬁnceal chefmges and e\_/en(;s In tr;]e €MV&cognition must accommodate visual processing
ronment that occur from one episode to the nextisqges. It is unclear, however, how this is accom-

(cf. Deubel, Schneider, & Bridgeman, 1996; Ta§jisheq, how the mechanisms enable processing
Moore, & Hollingworth, 2012; Poth et al., 20155455 episodes, and whether and how they work
Poth & Schneider, 2016a). For instance, objeft-oncert to this end.

representations from the previous and the current

episode could be integrated by updating or replac-

ing the former with the latter (Schneider, 2013; cf.
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1.6 The present dissertation representations of an external object before and af-

_ _ _ _ . terthe intervening saccade, which impacts on sub-
The present dissertation aims at shedding light 98, ,ent object recognition. In this way, the two

how the mechanisms underlying object recognitiggies investigated TRAM's solution to the se-
and short-term recognition operate across Visydlive integration problem of object recognition
processing episodes. Five empirical studies inVegqss visual processing episodes. In Study 3 (Poth
tigated issues that must be addressed as a rst §eRchneider. 2016b submitted), we went on to
toward a theoretical account of such visual cogrirdy the limits of object recognition across sac-
thn gcross v_|su§1| processing eplsodgs. A; SUEAdes. Object recognition can only be achieved for
this dissertation is meant to be a starting point agge,y objects at a time (for reviews, see Bundesen
a call for research on the topic of episodic visugl Hapekost. 2008: Duncan 2006). Therefore, we
cognition. The following chapters of the dissegyamined how this limited capacity is distributed

tation synopsis discuss the theoretical backgroufidoss successive xations for object recognition.
and the ndings of the empirical studies. The origi-

nal studies are provided afterwards, as the nal part Chapter _4 asks abou_t the r(_alationship _b_etween
of the dissertation. the mechanisms underlying object recognition and

) ) those underlying short-term recognition. To ad-

Chapter 2 provides the theoretical backgroupgless this issue, in Study 4 (Poth & Schneider,
for studying how the mechanisms underlying obp16c) we investigated whether visual processing
jectrecognition accommodate the challenges of ¥y yecognition of an object must have been com-

sual processing episodes. To this end, the pgilieq for short-term recognition of the object in
introduces theories of visual attention (Bundesep,5ier processing episode. In Study 5 (Poth &
1990; Bundesen, Habekost, & Kyllingsbaek, 2008¢hnejder, 2016d, submitted) we then turned to the
Desimone & Dunct’m, 1995) and visual worksyestion by what means such a short-term recogni-
ing memory (VWM; €9. Bundesen, Habekosfign, in a later processing episode can be prepared
& Kyllingshaek, 2011; Er|k§son, \ogel, Lansnel!fn advance. To this end, we assessed how priori-
Bergstrom, & Nyberg, 2015; Luck & Vogel, 20134;5ing among object representations retained from
Olivers, Peters, Houtkamp, & Roelfsema, 2011, yrevious episode impacts on two distinct com-

two heavily intertwined mechanisms that terthBBnents of performance in an upcoming short-term
accomplish object recognition within a single PrGecognition task.

cessing episode. On this basis, Schneider's (2013)

TRAM theory is presented, which extends the ' 'nally, chapter 5 aims to offer a brief gen-
mechanisms to processing across episodes. eral discussion of how the ve studies contribute to

o . our understanding of object recognition and short-
Building on the theoretical background, Chagsm recognition across visual processing episodes.

ter 3 discusses three gmplrlcal studl_es that INVeS5 to this point, visual processing episodes have
tigated these mechanisms for the visual proceggen regarded as a processing requirement and a

ing episodes consisting in eye xations, which agajienge. Abstracting from the mechanisms of

separated by saccadic eye movements. In Studyplact and short-term recognition addressing this
(Poth etal., 2015) and Study 2 (Poth & Schneidghg|lenge, Chapter 5 also presents some specula-

2016a), we assessed a central proposal of TRAMhs ahout the functional value of visual process-

theory (Schneider, 2013), namely, that there isi,% episodes for visual cognition.
mechanism establishing correspondence between



Chapter 2

Theoretical background: Mechanisms for visual cognition
within and across visual processing episodes

2.1 Visual attention and working memory Habekost, 2008; Bundesen, Vangkilde, & Petersen,

2015). This theory provides a widely-used frame-
Human capacity for object recognition is limitedwork for studying visual attention, not only in ex-
not all objects in the visual eld can be recogperimental psychology (for reviews, see Bundesen
nized at the same time (for reviews, see BundesgrHabekost, 2008; Bundesen et al., 2015), but
& Habekost, 2008; Duncan, 2006). As proposegso neuropsychology (e.g., Duncan et al., 1999;
by the biased competitioriramework (DesimoneFinke et al., 2005; Finke, Bublak, Dose, Miiller,
& Duncan, 1995), the objects compete against ea&lschneider, 2006; reviewed by Habekost, 2015),
other for object recognition (Desimone & Duncamnd clinical diagnostics (e.g., Habekost, Petersen,
1995). Object recognition for task-driven behavig Vangkilde, 2014; Foerster, Poth, Behler, Botsch,
therefore requires to select currently relevant ok-Schneider, 2016).

jects for being recognized, at the expense of irrel- TVA (Bundesen, 1990: Bundesen et al., 2005)
evant ones. ‘Ir'lhls_C:unctlon '_S c?qllem_bollectlon-fog ?ssumes that external objects are recognized, when
gggcze)ptlor(Sc neider, 1995; Schneider & Deu Cihe objects become represented in VWM (in TVA
' called “visual short-term memory”). VWM retains

Human capacity for acting upon objects is liminformation about a limited number of objects over
ited as well, because there are only a few effeshort time-windows, so that this information can
tors (e.g., two hands) that can be used for thig reported (Luck & Vogel, 1997, 2013; Eriksson
purpose (Neumann, 1987, see also Allport, 19&#t;al., 2015; Shibuya & Bundesen, 1988; but see
Neumann, 1990). Again, the selection of rel@ays, 2015; Ma, Husain, & Bays, 2014) or other-
vant over irrelevant objects is necessary. Thisise used for action (e.g., Schneider, 2013).
function is called selection-for-action(Allport,

: . ) Whether or not objects become represented in
1987). Selection-for-perception and selectlon-fqr/WM depends on visual processing. That is, in
action are assumed to be performed by com ’

. : . MP0A (Bundesen, 1990) objects enter VWM if there
mechanisms ofisual attentior(Deubel & Schnei- i suf cient retention space and if visual processing

der, 1996; Schneider, 1995; Schneider & DGUbS 'the objects has been completed. Visual process-

2002). ing is assumed to proceed in two stages. In the

A theory of how the mechanisms of visual atrst stage, visual input is segmented into percep-
tention mediate object recognition within a sinual units corresponding to external objects. The
gle processing episode has been provided jdsbrmation provided by these perceptual units is
Bundesen's (1990) “Theory of Visual Attention'subsequently compared with visual features and
(TVA; for more recent reviews, see Bundesen &
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categories that have been acquired with experiereount of visual processing resources allocated to
and reside in visual long-term memory. This conthe object. This is where the second mechanism
parison yields values of sensory evidence that @mmes into play, which is calledtering. This
object has a certain feature or belongs to a certaiechanism operates by assigning each object in
category. Importantly, the comparison proceeds the visual eld an attentional weight. The atten-
all objects in the visual eld and is thus unselectivéional weight re ects the current importance of the

In contrast to the rst stage, processing at pbiect. The weight is computed at the rst stage of

second stage is selective. The categorizationsP6pCeSSINg by summing up the sensory evidences

objects in the visual eld are assumed to particii@t the object has certain features, whereby the

pate in a competitive race toward VWM. The oeVidence for a feature is multiplicatively weighted
ject categorizations that nish processing rst ar@y the current importance of the feature. In this
encoded into VWM (if enough retention space [@shion, the attentional weight combines bottom-
available there) and this allows all other categhP Information consisting in sensory evidence for
rizations of the same objects to become represerfigature with top-down information consisting in
there as well. Encoding into VWM only continued’® importance of this feature (additional bottom-
until it is lled up with categorizations of a lim- YP factors of _attentlonal selection may also con-
ited number of different objects. On the neuron§joute to lItering, Nordfang, Dyrholm, & Bun-
level (Bundesen et al., 2005), VWM is assumed ft§Sen. 2013, and attentional weights can be used
consist in a topographically organized map reprté’- monitor for'object changes with low expected
senting objects, henceforth called ¥é&/M map of POttom-up salience, Poth, Petersen, Bundesen, &
objects(following Schneider, 2013), and loops opchneider, 2014)._V|sual processing resources are
neuronal activity between these objects and né{ocated to an object according to the objects at-
rons coding for the visual features belonging to tigntional weight relative to the sum of the atten-
objects (Bundesen et al., 2005). By means of thé@fal weights of all objects in the visual eld. As
loops, the activity of the neurons representing \ﬁ_rgsult, the categorizations of curreptly important
sual object features is sustained and can outlastQREECLS are processed fastest. In this way, the ob-
presence of the external object in the visual eld JECtS aré selected for object recognition.

Two mechanisms of visual attention jointly de- According to the neural interpretation of TVA

termine the speed with which the categorizatiéNTVA; Bundesen _et al., 2_005)' the_attenti_on_al
of an object is processed, that is, the speed wiigights are stored in a spatially organlzgd _prlorlty
which the categorization races towards VWM. THBaP (ee also Bundesen etal., 2011). Priority maps
rst is the pigeonholingmechanism. This mech-£Xist in several areas of the primate brain, such as
anism consists in an internal perceptual decisiBIPkeys' frontal eye eld (Schall, 2009), lateral

bias for categorizing any object as having a sptraparietal area (Bisley & Goldberg, 2010), pul-
cic feature. That is, the bias multiplicativelyVinar (Kastner & Pinsk, 2004), and superior col-

weights the sensory evidence for task-relevant fdigulus (Krauzlis, Lovejoy, & Zenon, 2013). In

tures, so that irrespective of which objects are ac@gneral, they combine the bottom-up salience (in-
ally viewed, categorizations of this feature are prinsic to external objects) with the top-down task-
cessed faster. Neuronally, the pigeonholing m evance of object_s or features (Fecteau & Munoz,
be implemented as an increased ring rate of 4P06: Zelinsky & Bisley, 2015).

those neurons preferentially coding for the feature In NTVA, the attentional weights of the prior-
in question (Bundesen et al., 2005). ity map set gates within the visual system's ventral
iStream for object recognition. The receptive elds

For a given object, the speed with which , , , )
{the regions of the retina from which they receive

categorizations are processed is proportional to



input) of higher level neurons (e.g., in the inferients the rough location and shape of an external
temporal cortex) are dynamically remapped so thaiject, as these two features are coded by the pri-
they receive input from lower level neurons coarity map additionally. Furthermore, a proto-object
ing for visual features of a speci ¢ object. In thicomprises visual object features, which are rep-
manner, more neurons are allocated to objects widlsented in the ventral and dorsal streams of the
high attentional weights than to those with lowdarain's visual system (Wischnewski et al., 2009,
ones. Thus, these neurons are the visual procesxt0).

ing resources that are distributed across objects ac-1ha second phase of TRAM (Schneider, 2013)

cording to their attentional weights. corresponds to the competitive race towards VWM
The lItering and pigeonholing mechanismé TVA (Bundesen, 1990; Bundesen et al., 2005).
proposed in TVA (Bundesen, 1990) explain hoim TRAM, the proto-objects compete against each
visual attention selects objects and visual objeather for encoding of their features into VWM and
features for object recognition. The selection for being recognized in this fashion. Proto-objects
TVA is restricted to the situation of a single proare inaccessible for being reported. However, when
cessing episode. This is necessary to devetbp features of a proto-object enter VWM, then the
a mechanistic account of the selection, but fajsoto-object is transformed into an object represen-
short of situations with more than one processitation in VWM. If this has happened, the repre-
episode. This issue is addressed by Schneidsented object can be reported.
(2013) TRAM theory, which extends the mecha- In the third phase of prOCGSSing, those ob-

nisms of visual attention (speci cally the lteringje ot representations in VWM that are task-relevant
mechanism) and of VWM to processing across Yie made available for controlling behavior be-
sual processing episodes. yond the current processing episode. As in
_ . _ NTVA (Bundesen et al., 2005), retention in VWM

2.2 Visual attention and working memory s assumed to consist in sustaining activity in

across visual processing episodes feature-coding neurons by looping neuronal ac-

As explained above, TRAM theory (Schneideyvétti E)Bej\;]vg::e:]h:trglag%ggf '\I'/I\'\C\,/AI\I/\I/I r;:s%rﬁfesg;at

2013) assumes that visual processing for ith ongoing retention in VWM, the retained ob-

ject recognition is structured in visual processir\fé . . ) .
episodes (“competition episodes”). In TRAM ct representations are consolidated infzaasive
' . State that does not require such a looping of ac-

single visual processing episode consists of threa )
processing phases, whereby the rst two phast IVs'ty any more (Larocque, Lewis-Peacock, & Pos-

correspond to the two processing stages of TVA’ 2014; Stokes, 2015; and may rely on changes

, In synaptic connectivity, e.g., Mongillo, Barak, &
(Bundesen, 1990; Bundesen et al., 2005). Tsodyks, 2008; Rose et al., 2016). In this passive

The rst phase is the unselective stage of TVAtate, the represented information can be retained
(Bundesen, 1990; Bundesen et al., 2005), in whigBross the several visual processing episodes with-
attentional weights of objects in the visual elghyt taking up retention space in capacity-limited
are computed. Extending TVA, however, TRAM/\wM. This is important because retained infor-
(Schneider, 2013) assumes that the attentiopfition would otherwise block encoding of new
weights in the priority map form part of so-calle@pjects into VWM in the next episodes. Such a
proto-objects candidate object representations f@focking would impair or even prevent the per-
object recognition (Wischnewski, Steil, Kehrefgrmance of tasks requiring visual guidance over
& Schneider, 2009; Wischnewski, Belardinellinyltiple episodes, such as multi-step sensorimotor

SChneider, & Ste”, 2010, cf. RenSink, 2000) B@asks (e.g_, Hayhoe & Ba”ard, 2005; Foerster, Car-
sides an attentional weight, a proto-object repre-
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bone, Koesling, & Schneider, 2011). cessive episodes should be represented separately.

After TRAM's (Schneider, 2013) third phaséA‘S solution to this problem, TRAM (Schneider,

of processing has nished, the next visual proces@213) Proposes a mech.an?srP that tests for corre-
ing episode starts with its rst phase. ImportantiyPondence (‘object continuity”) between objects in

visual processing episodes are linked by the int/VM from the previous episode and the objects of
play of VWM and the attentional weights that mé-he current ep!sode. Th_|s tes_t consists |_n a cqmpar-
diate encoding into VWM. More speci cally, thelSON of the objec_ts retglned in VWM_Wlth objegts
task-relevant objects that are represented in VWR)ithe current episode in terms of their features in a
remain connected to their attentional weights (&0rity map, namely their attentional weights, lo-
Petersen, Kyllingsheek, & Bundesen, 2012, 2015ftions, and rough shapes (or more precisely, pre-
Consequently, the attentional weights of these Jfictions derived from these priority map features).
jects from the previous episode persist in the cur- If the test for object correspondence is posi-
rent episode. Both, the attentional weights atide for an object, then this implies that the object
the object representations in VWM are linked ts processed with an identical attentional weight
the representations of visual features. These lirdegoss the visual processing episodes. In this case,
are critical for integrating information across visuahe attentional weight is used to update the repre-
processing episodes. For a given external objesgntation of the object in VWM with new visual
the attentional weight in a new visual processimgput. In contrast, if the test for object correspon-
episode matches the one from the previous episa@sce is negative (i.e. object correspondence is
(or a prediction of this attentional weight, respebroken), then the attentional weight of the object
tively). New visual input that arrives at the reprdrom the previous episode encapsulatedmean-
sentations of visual features can therefore be routeg that it is retained in its current state. This
by the attentional weight to the respective objeshields the associated object in VWM from be-
in VWM. As a result, the object representation iimg updated with new visual input. Thus, new vi-
VWM is updatedby new visual information. sual input is then treated as belonging to a new

Importantly, if this updating refers to a featur&Xt€rnal object and has to pass through all pro-
that has already been represented as part of the@#SiNg Phases (even if the input actually stems
jectin VWM, then the representation of this featuft0M the same external object that resulted in the
is overwritten (or combined) with the new informaY WM representation with the encapsulated atten-
tion about it (Schneider, 2013: cf. Poth et al., 2018°nal weight).

Poth & Schneider, 2016a). In contrast, if the updat- Encapsulating an object's attentional weight

ing refers to a feature that has not been part of thas attentional costs. The neuronal processing re-
object in VWM, then this feature can be attached sources belonging to the attentional weights cannot
the object in VWM additionally (the VWM objectbe used for processing other, subsequent objects
is said to be “re-categorized” with a new featurésee Petersen et al., 2012 for related ideas). Fewer
Schneider, 2013, p. 8-9). resources are thus available for processing new ob-
degts, so that these are processed more slowly and

The described updating mechanism provides " : il )
their object recognition is impaired.

means for integrating information about extern
objects sampled in successive processing episodesCritically, the encapsulation of attentional
Importantly, however, this does not yet solve thweights is assumed to happen only for task-
selective integration problem of object recognitiamlevant objects in VWM. Furthermore, the encap-
across visual processing episodes. At the hesutation happens only as long as these objects are
of this problem is the decision whether integraa the third phase of processing which ends when
tion should take place or whether objects from sutey have been consolidated into the passive state



of VWM. Thus, once the objects are in the passipacts on subsequent object recognition by decid-
state, they can be made available for action contiad) whether attentional weights are encapsulated or
(by retrieval into VWM) without permanently re-used for updating. As such, this mechanism offers
quiring retention space in VWM and without caust hypothetical solution to the selective integration
ing attentional costs for object recognition of sulproblem for object recognition across visual pro-
sequent objects. cessing episodes. Second, the proposal that only
In sum, two of TRAM's proposals are esserfhose attentional weights are encapsulated that be-

tial for object recognition across visual processirg"d 10 task-relevant objects in VWM. This pro-
episodes. First, the proposal that there is a mePRS@! implies that attentional competition across
anism that tests for object correspondence acr§8&50des is limited to task-relevant objects, pre-

visual processing episodes. This mechanism iMgNting that object recognition in general suffers
with each new visual processing episode.
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Chapter 3

Object recognition across visual processing episodes

3.1 Object correspondence linking the visual saccade is made towards it is hard to notice, even
processing episodes of successive eye xdor relatively large displacements (of up to about a
tions third of saccade amplitude, Bridgeman, Hendry, &

Stark, 1975, on the saccade axis, Wexler & Collins,

. 2014). Th f this i itivi -

TRAM theory (Schneider, 2013) presents a funcp : ) ne extent or this |.nsenS|t|V|ty o transsac

. ) . .Cadic displacements provides an often used mea-

tional view on object correspondence, assuming . R )

that it ser biect r nition acr sual rs re of visual stability in laboratory experiments

D e e Sogon 35S S8 E. Deubel ot ol 1996 Devbel, crdgeman

g €p ) ’ ' ._& Schneider, 1998; for a review, see Higgins &
ally, however, object correspondence mechanls&lg
. yner, 2015)

have mostly been held to explain phenomena of vi- _ _

sual perception (which may also support behavior FOr a long time, it has been assumed that the

by carrying information about regularities in théability to detect (or discriminate) transsaccadic
world, e.g., Flombaum, Scholl, & Santos, zoogg_isplacements stems from a reset of visual process-

Among the most prominent examples is the percép after a saccade, which leads to the loss of pre-

that one and the same object is present at suc&@cadic location information (Bridgeman, van der

sive locations in apparent motion (e.g., Kahnembhigijden, & Velichkovsky, 1994). This hypothe-
et al., 1992; Mitroff & Alvarez, 2007) and acros§is was, however, falsi ed with thblanking effect

occlusion by another object (e.g., HollingwortPeubel & Schneider, 1994; Deubel et al., 1996,

& Franconeri, 2009). Most importantly to visual998). That is, the insensitivity to transsaccadic

processing across episodes, object correspondéhigplacements is ameliorated when the object is

has recently been taken to explain visual staditi€ y blanked after the saccade and then reappears
ity across the episodes of eye xations separatdtlits displaced location. Under such conditions,
by saccadic eye movements (Tas et al., 2012; Té¢ direction of the displacement can be reported

2015; cf. Hollingworth, Richard, & Luck, 2008). accurately. This nding reveals that there is infor-

Visual stabilitvis the phenomenon that extermation about the presaccadic object location after
) y € p : . _the saccade, but that this information is usually in-
nal objects are perceived as stable in their loca

. : accessible, in the absence of the blank.

tions across a saccade, despite the fact that the sac-

cade changes their locations on the eye's retina and!n the light of TRAM (Schneider, 2013), the
their visual resolution (for reviews, see Higgins &anking effect may be interpreted as follows (see
Rayner, 2015; Mathot & Theeuwes, 2011; Ro|f§.jso Poth et al., 2015; Poth & Schneider, 2016a).
2015; Wurtz, 2008). Interestingly, the perceptioffter eye-landing, the visual system tests for cor-
of visual stability arises even despite actual ofgspondence (“object continuity”) between the pre-

ject displacements: Displacing an object while @ccadic object and the postsaccadic object (the
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discussion in terms abbject correspondenceas ripheral saccade target object containing an irrel-
initiated by Tas et al., 2012). If the test for transsaevant special character. During the saccade, the
cadic object correspondence is positive, the VWabject was displaced, and after eye-landing a let-
representation of the presaccadic object is updatedwas shown in the object and terminated by a
after the saccade with input from the postsaccagiattern mask. The postsaccadic object and the let-
object. As a result, only a combined representar in it were visible either immediately after eye-
tion of the presaccadic and postsaccadic objectaading, or after a brief blank display. Critically, in
available in VWM. This prevents any comparisoone block of trials, participants discriminated the
between the presaccadic and postsaccadic locatdirection of the object displacement. However, in
Transsaccadic location changes (and visual featar®ther block of trials, they reported the identity of
changes, Deubel, Schneider, & Bridgeman, 20QBe postsaccadic letter.

Weil3, Schneider, & Herwig, 2015) are therefore in- Replicating the blanking effect, participants'

discriminable and visual stability is perceived. displacement discrimination was more accurate
In contrast, if the eye lands on an empty distrhen there was a postsaccadic blank compared
play because the object is blanked, then the testh when the object was shown immediately after
for transsaccadic object correspondence is netfge saccade. Thus, breaking object correspondence
tive (because there is a mismatch between the lat-blanking improved the perception of transsac-
tentional weight of the object from before the sacadic displacements and reduced perceived visual
cade and from the blank display after the saccadgbility. In contrast, however, participants' letter
see also section 2.2). Consequently, the attentioregdorts were less accurate when there was a post-
weight of the presaccadic object that is now saccadic blank than when there was none. Thus,
VWM is encapsulated. The object representatibneaking object correspondence by blanking im-
is therefore maintained as is, rather than updatemired postsaccadic object recognition. Experi-
with new input. A new representation is then creaent 2 followed up on this latter result to rule out
ated for the postsaccadic object after the blardknumber of alternative explanations based on the
The two distinct representations can be comparetject displacement and the delayed onset of the
which improves the discrimination of transsaccadiostsaccadic object in case of a blank. In this ex-
displacements and prevents the perception of periment, participants only reported the letter that
sual stability. However, encapsulating the attewas shown in the postsaccadic object, and there
tional weight of the presaccadic object represemere no object displacements across the saccade.
tation means that the representation takes up vi-contrast to Experiment 1, object correspondence
sual processing resources required for processias broken by changing the contrast-polarity (and
the postsaccadic object. Therefore, TRAM pr&iminance) of the object across the saccade (this
dicts that it should impair recognition of the posthanipulation followed Tas et al., 2012). A black
saccadic object. object on a gray background was changed into a

The goal ofStudy 1 (Poth et al., 2015) was towhite one during the saccade and vice versa. Par-

test the hypothesis that breaking object correspdiffiPants’ letter report performance was compared
dence across the saccade improves perceptiorp%t?"’een conditions with and without such contrast-

transsaccadic displacements but at the same tRIty changes. Thus, here the time-course of

impairs postsaccadic object recognition. For tHiQIect appearances was identical in all experimen-

purpose, Experiment 1 of Study 1 combined tﬁ%' .conditions, because there was. no plank de-
classic blanking paradigm (Deubel & Schneidd@Yind the onset of the postsaccadic object. De-

1994: Deubel et al., 1996) with an object recoép'te the different manipulation of object corre-
nition task. Participants made saccades to a gROndence across the saccade, the results of Exper-
Iment 2 were consistent with those of Experiment
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1. Recognition of the postsaccadic object was imespondence with color changes, and thus with
paired when object correspondence was brokenrbgre subtle surface feature changes, also impairs
the contrast-polarity change, compared with wheonstsaccadic object recognition. Study 2 adopted
no such change occurred. Thus, taken togethtbe paradigm of the second experiment of Study
the results of Study 1 offer evidence that breakidg(Poth et al., 2015). In Experiment 1 of Study

object correspondence across saccadic eye m&etranssaccadic object correspondence was bro-
ments impairs postsaccadic object recognition. ken by changing the object's color-and-luminance

Study 1 manipulated transsaccadic object c@Cross the saccade, that is, by changing between
respondence by means of blanking and changgd and green of different luminances. In Ex-
of the contrast-polarity of achromatic object®€fiment 2, transsaccadic object correspondence
Both manipulations have strong perceptual effel¥@S broken by changing the objects color alone,

(Deubel et al., 1996, 1998; Tas et al., 2012). TH¥ changing between blue and yellow of about
the same luminance. In both experiments, break-

may imply especially strong effects on object co) : X
respondence, because of a substantial contributfdg CPJect correspondence across the saccade im-

to the priority map features on whose basis opaired postsaccadic object recognition. These re-

ject correspondence is tested for (Schneider, 20153/ts show that the surface features of color-and-

One may therefore ask whether the ndings of injdminance as well as the one of color alone con-
paired object recognition generalize to other objdffUte t© object correspondence and thereby im-

features and more subtle feature changes. pact on object recognition.

One of the most important surface features for 12Ken together, the ndings of Study 1 (Poth et
human object recognition is color (Gegenfurtnef+ 2015) and Study 2 (Poth & Schneider, 2016a)

2003; Gegenfurtner & Kiper, 2003; Moutoussi§?Vea| that the mechanism establishing object cor-
2015). However, testing object correspondent&sPondence across the saccade not only deter-
across saccades based on color may be probl&f1es the perception of visual stability but also im-
atic. Speci cally, the color of an object is repreP@Cts on objectrecognition. Thus, the ndings sup-
sented with strikingly different quality and resoROrt the prediction of TRAM theory (Schneider,
lution at the fovea of the retina, corresponding fP13) that object recognition across visual pro-
gaze center, compared with the retinal periphgf§SSing episodes, here successive eye xations, de-
(e.g., Hibino, 1992; Johnson, 1986: Livingstone gends on a mechanism that tests for object corre-
Hubel, 1987: Nagy & Wolf, 1993). Every saccadgPondence.

displaces an object's image on the retina, so that the Such a mechanism for object correspondence
presaccadic and postsaccadic object image diffepmesents one solution to the selective integration
color quality. Thus, every saccade induces an givoblem of object recognition across visual pro-
ject change in terms of its color input. Accordingessing episodes. Speci cally, the mechanism de-
to TRAM (Schneider, 2013) and based on our preides whether object information should be inte-
vious ndings (Poth et al., 2015), if such naturallgrated across the saccade or whether presaccadic
occurring color changes broke transsaccadic objantl postsaccadic object representations should be
correspondence, then postsaccadic object recofept separate (cf. Deubel et al., 1996; Tas et al.,
tion would be impaired with every saccade. Ther2012). The integration of object information across
fore, one may hypothesize that color is ignored saccades may enhance object recognition, by pre-
the test for transsaccadic object correspondencee@mting attentional competition between represen-
order to salvage postsaccadic object recognitiontations (i.e. their attentional weights, Schneider,

The goal ofStudy 2 (Poth & Schneider, 2016a)7913) and by enabling a curT\uIative visual pro-
was therefore to test whether breaking object cG£SSING (Demeyer et al., 2009; Henderson & Anes,
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1994; Kahneman et al., 1992). In contrast, tlieollingworth et al., 2008). Corrective saccades
separation of object representations may enhanteesponse to these displacements were guided by
comparisons across the saccade and thus bpobjects’ color-and-luminance, which offers in-
discriminate transsaccadic object changes (edijrect evidence that the features contribute to ob-
Deubel et al., 1996, 2002; Weil et al., 2015).  ject correspondence.

As our ndings, the ones of the two studies ar-
3.1.1 Object correspondence for object recogngue that surface features and not only spatiotempo-
tion based on multiple object features  ral features contribute to transsaccadic object cor-
respondence. A similar contribution of surface fea-
Besides revealing a link between object correspqQires has been observed for object correspondence
dence across the saccade and object recognitigdtoss occlusion and motion as well (Hollingworth
the results of Study 1 and 2 also shed some ligh¥ranconeri, 2009). Thus, we may now conclude
on the object correspondence mechanism its@ifat object correspondence across visual process-

Speci cally, they show that the mechanism takggg episodes generally takes spatiotemporal as well
multiple object features into account. The quegs surface features into account.

tion which features are used to establish object
correspondence is also hotly debated in the Iit%r-1 2 Object correspondence based on atten-
ature on object correspondence across occlusion . . - .

: . tional weights and predictive remapping of
(Hollingworth & Franconeri, 2009) and apparent rece tivegelds P PPIng
motion (Kahneman et al., 1992; Mitroff & Alvarez, P

2007). Some accounts maintain that object Cfay could a test for transsaccadic object corre-
respondence is based on spatiotemporal featlf§nqence be implemented? According to TRAM,
only (Kahneman et al., 1992) or at least primafznssaccadic object correspondence is tested for
ily (Flombaum et al., 2009; Scholl, 2007). Th'By comparing the attentional weight of the object
is consistent with the view that object correspopsng gther characteristics in the priority map) af-
dence across saccades is broken by blanking, 0¢-the saccade with a prediction that has been
cause blanking implies a mismatch between pgsived from the presaccadic attentional weight

saccadic and postsaccadic objects in space and (8%hneider, 2013). This prevents that predictable

pected) time. changes of sensory input due to the saccade-
However, we also found postsaccadic obxduced shift of the object's retinal image impact
ject recognition impaired when transsaccadic obR object correspondence (cf. Herwig & Schnei-
ject correspondence was broken by changesdef, 2014). For the spatial location of an ob-
contrast-polarity (and luminance) of achromatject, this prediction may be implemented pye-
objects, changes of color-and-luminance, and ai€tive remappingDuhamel, Colby, & Goldberg,
color alone. Thus, such surface features contribd@92; for reviews, see Wurtz, 2008; Wurtz, Joiner,
to the test for transsaccadic object correspondedcd8erman, 2011; but see, Zirnsak, Steinmetz,
as well. Converging evidence for this proposdloudoost, Xu, & Moore, 2014). Just before a sac-
comes from two earlier studies. The rst oneade is made, neurons in some retinotopically or-
showed that changing contrast-polarity and moganized brain areas become responsive to the lo-
complex visual features (pictures of real-world olgations their receptive elds will be brought to
jects) improved the discrimination of transsaccadiy the saccade. These brain areas include the
displacements and thus diminished the perceptmmes assumed to implement priority maps (mon-
of visual stability (Tas et al., 2012). The seconys' frontal eye elds, Umeno & Goldberg, 1997;
study induced transsaccadic object displacemelateral intraparietal areas, Duhamel et al., 1992,
that caused a saccade to land between two objectd superior colliculi, Walker, Fitzgibbon, & Gold-
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berg, 1995). The predictive remapping of rece@013). Thus, when the same object is present be-
tive elds is based on a corollary discharge (efere and after the saccade, the attentional weight
ference copy) signal from saccade-generating neemains unchanged. In TRAM, the test for object
rons in the superior colliculus, which informs abowbrrespondence is then positive and the feature in-
the amplitude and direction of the impending saput is routed through the gates set by the atten-
cade (Sommer & Wurtz, 2006). This may allowonal weights to update the presaccadically created
to track the approximate location of objects acro$%VM representation of the object.
saccades. Speci cally, predictive remapping may |, contrast, when the object is blanked after the
make a given neuron receive input from one aadecade or when its surface features change, then
the same object before and after a saccade (Wiz teature input to the attentional weight is miss-
et al,, 2011) and this seems to contribute 10 they This results in a negative test for object cor-
pe_rceptlon of visual stablll_ty (Cavanaugh, Bermafbspondence. As proposed by TRAM (Schneider,
Joiner, & Wurtz, 2016; which should, however, t0b 3) the attentional weight should then be encap-
erate transgaccadlc object displacements to a ﬂﬂated. As a consequence, the higher level neu-
gree, cf. Bridgeman etal., 1975). rons whose gates are set by the attentional weight
However, predictive remapping of receptiveannot be redistributed to receive input from new
elds is limited to object locations, it does not alobjects. This cuts the resources for processing
low to track surface features of objects (Cavanaghese objects which offers one explanation for the
Hunt, Afraz, & Rolfs, 2010). A speci cation ofimpaired object recognition that we observed in
TRAM theory's (Schneider, 2013) object correStudy 1 and 2, when object correspondence was
spondence mechanism may address this probleroken across the saccade (Poth et al., 2015; Poth
(see, also Poth & Schneider, 2016a). That is, p&-Schneider, 2016a). Besides this explanation,
dictive remapping may con gure the attentionalRAM also provides another, not mutually ex-
weights in a priority map for the impending obelusive explanation of this effect. Namely, ob-
ject correspondence test after the saccade. Afect recognition could have been impaired because
cording to NTVA (Bundesen et al., 2005), the abreaking object correspondence prevented the in-
tentional weights control the dynamic remappirtggration and updating of the representation of the
of neuron's receptive elds in the higher ventrabbject in VWM (for a discussion, see Poth et al.,
stream. The attentional weights set gates in tB@15; Poth & Schneider, 2016a). That is, the post-
ventral stream, so that higher level neurons rgaccadic object would not have been processed by
ceive input from the lower level neurons codingsing the same attentional weight as the presac-
for the visual features of a specic external okeadic one, preventing that the postsaccdic features
ject. Predictive remapping may now recon gurare routed to the presaccadically created object rep-
the attentional weights, so that they already set tlesentation in VWM. Consequently, a new atten-
gates in accordance with the retinal locations dfienal weight and a new representation in VWM
jects will fall on after the saccade (see, Cavanagiould have to be created for the postsaccadic ob-
et al., 2010 for a related idea of remapping of “gect. This would delay processing and should im-
tention pointers”). Then, after the saccade, tpair postsaccadic object recognition, especially if
higher level neurons should receive feature inpiie object was terminated by a mask as in our
from the objects at the locations dictated by the giresent studies.
tentional weights. This feature input may in turn
retain the attentional weights, because it sets the
sensory evidence values from which the attentional
weights are computed (see the above description of
TVA, Bundesen, 1990) in this xation (Schneider,
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3.2 Attentional competition for object recogni- jects from one xation compete with those in the
tion across the visual processing episodesiext xation for object recognition.

of successive eye xations Three hypotheses can be advanced as answers

Object correspondence may determine Whethert%rthe .q_uestlon of whethc_—zr objects compete for
recognition from one xation to the next. The

not processing of an object is integrated across Vi-. . . . .
P is that successive xations are entirely separate

sual processing episodes. As we have seen so 3 . . :
this should decide whether visual processing r_ee9|50des W.'th. no gomp_etltlon between the objects

. . in them. Thisis in line with the proposal that to sur-
sources are allocated to one integrated object reR/ri\e/Z3 the saccade. obiects have to be encoded into
sentation (using one attentional weight) or two s » 00

arate object representations from each episode uE S- M (tllrt\./vm,f199§.; Ir¥V|n & G(.?[.rdor.]’ 1;998)' The
ing two attentional weights; Schneider, 2013). foPEtition Tor ObJECt Tecognition 1S, hOWEVET, as-

most situations and visually-guided tasks, a nu umed to rely on object representations created be-

b . . . re encoding into VWM (Bundesen, 1990; Bun-
er of objects are present in the visual eld an tal. 2005) Theref h biect
may appear, disappear, or change from one p gocn et al, ): erelore, these object rep-
cessing epiéode 0 the' next. Therefore. anotfgsentations before VWM should not exist beyond
' ’ hhe current xation and there should be no atten-

question of fundamental importance is how IDr%‘lonal competition across the saccade per se
cessing resources for object recognition are dis- P P '

tributed across different external objects in succes- However, some object information outside
sive visual processing episodes. VWM seems to persist across the saccade, al-
though it is largely bound to the retinal object lo-

Within a visual processing episode, such as Sations which are changed by the saccade (Irwin,

eye xation, different objects must compete foE . .
the limited visual processing resources (Bundeserﬁown’ & Sun, 1988). This argues against the

1590; Duncan, 2008 such 25 nerons, Bundedlh PPOIeR, becae e Sonpeen b o
et al., 2005). Mechanisms of visual attention bi SI 9 : ) .

. " . eld and should thus include these persisting ob-
this competition, o that currently important O?}éct representations (Bundesen, 1990; Bundesen et
jects receive more resources than unimportant ones . ' ’

J P a?, 2005; Desimone & Duncan, 1995). Therefore,

(Desimone & Duncan, 1995). The lItering mech: : ) .
anism of TVA (Bundesen, 1990; see section 2. e second hypothesis predicts that these persist-

is a speci cation of such a mechanism. As qdng object representations should compete with and

scribed above, it operates by distributing resourceg 2!l Processing of objects in the next xation.

across objects according to attentional weights re- The third hypothesis directly follows from
ecting the objects' current importance. Howevei RAM theory (Schneider, 2013), objects should
this mechanism does not allow a differential all¢ompete for object recognition across saccades, but
cation of processing resources for objects of eq@dlly if they are relevant to the task at hand. That s,
importance. Therefore, the more equally impoiere should be competition between objects from
tant objects enter the visual eld, the smaller is tHBe current xation and the objects from the previ-
amount of processing resources allocated to e&¢t$ xation that are now in VWM and whose atten-
individual object, slowing down the objects' protional weights are encapsulated to ensure their con-
cessing for object recognition (Bundesen, 1990)solidation into passive VWM. This encapsulation
hould, however, only take place for objects that

Surprisingly, while a great deal of research hgs .
been devoted to understanding attentional comp fve been encoded into VWM and that are task-

tion for object recognition within eye xations, it isrelevant (see the above description of TRAM).

unclear whether it also extends from one xationto The aim ofStudy 3 (Poth & Schneider, 2016b,
the next. In other words, it is unclear whether osubmitted) was to distinguish between the three hy-
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potheses and thus to investigate whether objeess attentional weight, and should thus have en-
compete for recognition across saccades. For ttaseed VWM (cf. Deubel & Schneider, 1996; Wis-
purpose, we performed two experiments. In bothnewski et al., 2009, 2010). However, as VWM
experiments, participants made saccades to an alsws to retain more than one object, some of the
ject (a red circle) in the visual periphery. Thepresaccadic non-target objects should have been
task was to report a letter that was presented aficoded into VWM as well. In particular, the
ter the saccade within this object and terminatpdesaccadic non-target objects were of a similar
by a mask. The letter was shown for different daolor than the saccade target and they appeared
rations. This allowed us to assess the processiith a sharp onset, which implies a high bottom-
speed of this letter by modeling report performanag salience (cf. Yantis, 1993). According to TVA
as a function of letter presentation duration (for(8undesen, 1990), their attentional weights should
recent overview, see Bundesen et al., 2015). Beftines have been relatively high, supporting their en-
the saccade, either no, two, or four additional nooeding into VWM. After the saccade, the saccade
target objects (digits) were shown until the saccatdgget object remained as it was, only that the letter
was initiated. The non-target objects were in a simppeared in it. For this object, object correspon-
ilar color than the saccade target object. dence should have been established across the sac-

In Experiment 1, the non-target objects wefg&de (@s in Study 1 and 2, Poth et al., 2015; Poth
task-irrelevant. Under such conditions, the spefgochneider, 2016a). However, this should not
with which the postsaccadic letter was processad’e Peen the case for the presaccadic non-target
did not differ depending on the number of presaBbJeCtS' These.objects were extlngglshed across
cadic non-target objects. This result argues agaifi saccade, which should have drastically changed
the second hypothesis, which predicted that objet€! attentional weights. Therefore, for the rep-

per se compete across the saccade for object redggentations of these objects in VWM, object cor-
nition. reSpondence across the saccade should have been

broken. This should have lead to the encapsula-

~ InExperiment 2, the presaccadic non-target o, of attentional weights, but only if the objects
jects were task-relevant because they had t0iR& v connected to the attentional weights had
matched against a probe at the end of a trial. Hefgen task-relevant. The reason for this is that en-
the processing speed of the postsaccadic letter N jation of attentional weights happens only for
decreased with increasing number of presaccagifiacts in VWM that are task-relevant, in order to
non-targets. Cross-experiment analyses con rmgggre only their consolidation into passive VWM.
that the effect of the qumber of presaccadic NORs a consequence of the encapsulation of atten-
targets on the processing speed of the postsaccgdics| weights, there should have been fewer re-
letter was indeed greater in Experiment 2 than g rces available for processing the postsaccadic

Experiment 1. These ndings provide evidencgyer. This explains that the letter was processed
againstthe rsthypothesis, stating that objects cafiy e slowly.

not compete for recognition across saccades. In- , , )
stead, they lend support to the third hypothesis that AS an altérmnative to encapsulation, one might
was based on TRAM theory (Schneider, 201$UPPOSe that the lower postsaccadic processing

holding that objects compete for recognition acro88€ed was solely due to the higher attentional
saccades, but only if they are task-relevant. weights of task-relevant presaccadic non-target ob-

] _ tjects compared to irrelevant ones. Arguing against
In TRAM (Schneider, 2013), the ndings Ofihis however, one may assume that even though ir-

Study 3 can be explained as follows. Before thgieyant non-target objects should have had lower
saccade, the saccade target object was the mggintional weights than task-relevant ones, their
relevant object in the visual eld, with the highyyentional weights should not have been close to
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zero. As mentioned above, they appeared witi&aSchneider, 2016b, submitted) reveal that ob-
sharp onset and shared features with the saccgdés compete for object recognition across sac-
target, implying relatively high attentional weightsadic eye movements, but only if the objects are
(Bundesen, 1990). Therefore, if attentional cortask-relevant. This argues that the current task de-
petition took place across the saccade irrespecivges how processing resources for object recogni-
of encapsulation, one should expect an effect of then are allocated to different objects in successive
number of presaccadic non-target objects on pogsual processing episodes. Attentional competi-
saccadic processing speed also for irrelevant ortem between objects across processing episodes
That there was no such effect (in fact, it was moseems limited to task-relevant objects. This may
likely that the effect was absent, see Poth & Schneg-ect an intelligent compromise: The risk of im-
der, 2016b, submitted), might thus argue agaimstired object recognition in the current processing
this hypothesis. episode is only taken for those objects whose con-

In conclusion, the ndings of Study 3 (Pothtinued processing serves the current task.
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Chapter 4

Short-term recognition across visual processing episodes

4.1 Short-term recognition requires encoding category but that it has been viewed recently (in
into visual working memory in previous a previous processing episode, for which we also
processing episodes called it “episodic short-term recognition”, Poth &

Schneider, 2016c¢). Here, we asked whether short-

. . term recognition of an object requires that it has en-
The previous chapter focused on the mechanis g ) d

) . : : Bfed VWM at the time it was encountered. Alter-
that link the current visual processing episode Q.. : . . .

. ) : : natively, it could be suf cient to activate visual fea-
the immediately preceding one, in order to su

: " . Rires and categories in visual long-term memory,
port object recognition. In contrast to object recogs s - should happen for all objects in the visual
nition, short-term recognition requires to estab

o ~el n initial pr in Bun n, 1990;
lish links from the current to several processi gld as an initial processing step (Bundesen, 1990;

. . .ngwan, 1988; Henderson & Anes, 1994; Oberauer,
episodes in the recent past, not only to the i 002)

mediately preceding one. More speci cally, short-
term recognition across visual processing episodes For instance, in the rstand unselective stage of

bears the matching problem (see section 1.5). It REocessing in TVA (Bundesen, 1990), the objects

quires to match an object from the current episotfethe visual eld are assumed to activate repre-

to object representations that have been acquifgitations of visual features and categories in long-
in several recent episodes. It is an open questf§fM memory. Thereby, the sensory evidence that
whether short-term recognition is based on mecliie objects have certain features or belong to cer-
nisms that are also involved in object recognitiofin categories is computed as the basis of further
For instance, one may ask whether object recogpiocessing. Only afterwards, in the second and se-
tion in one episode has to be accomplished for ¥§tive stage of processing, these categorizations

object in order for it to be available for short-terrian be encoded into VWM (i.e. this is TVAS race
recognition in later episodes. towards VWM, see section 2.1).

In Study 4 (Poth & Schneider, 2016c), we 10 investigate whether it is necessary to en-
aimed to make a rst approach to this issue. /e9de objects into VWM for their later short-term
argued above, VWM is one of the most importafécognition, we developed a paradigm combin-
mechanisms for object recognition. Particularliyd letter report and probe recognition (Poth &
objects are assumed to be recognized and becdétfgneider, 2016c). In Experiment 1, participants
available for report and other actions with their eflewed displays of ten different letters in circular
coding into VWM (Bundesen, 1990; Bundesen &frangement. They memorized them over a reten-
al., 2005; Schneider, 2013). In contrast to the furfton interval and then reported as many of them
tion of object recognition, short-term recognition i8S they could. Ten letters were displayed because
not recognizing that an object belongs to a certdfis number exceeds estimates of VWM capacity
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(e.g., Dyrholm, Kyllingsbaek, Espeseth, & Bunde¢hat had been activated by other letters. Without
sen, 2011; Luck & Vogel, 1997; Poth et al., 2014 intervening report, short-term recognition based
Shibuya & Bundesen, 1988) and ensures that pan-these initially activated features and categories
ticipants could not report all letters. After the letnight still be possible.

ter report, a single probe letter was shown. Short- A y4itional analyses of letter reports in Exper-

term recognition was assessed as participants' Rffant 1 revealed that participants predominantly
formance in indicating whether or not the prolie,,eq letters that had been close to each other
matched one of the preceding ten letters. To assgsiin the displays of the ten letters. This suggests

whether the probed letter had been encoded i@, |etters were encoded into VWM in a spatially-

VWM, the identity of the probe was conditionalystered manner. Experiment 2 made use of this

ized on the letters participants had reported. Theg@iing 1o address the alternative explanation of the

were three conditions. The probe either matchgelper hrobe recognition performance for reported
one of the ten letters and had also been reportegha < i Experiment 1.

it matched one of the ten letters but had not been ) _ o
reported, or it did not match any of the ten let- 1h€ paradigm of Experiment 2 was similar to

ters. In general, objects are assumed to be availdBfe ©ne of Experiment 1. In contrast to Experi-
for report and the control of other actions only €Nt 1, however, the ten letters were placed in col-
they have entered VWM (Bundesen, 1990; Buno‘ér-ed frames, whereby the frame (.)f.one letter dif-
sen et al., 2005; Martens & Wyble, 2010; schndgred from the other frames. Participants only re-
der, 2013). Therefore, we assumed that the |ggrted this highligr_]ted letter. The probe letter ei-
ters participants reported had been encoded iHig" referred to this letter, to one of the two let-

VWM, whereas the letters they did not report hdf's next to it, or two one of two letters on the
not reached VWM. other side of the letter display. Based on the spa-

o tially clustered encoding into VWM in Experiment
~ Itisimportant to note that short-term recogniy \ye assumed that letters next to the highlighted
tion here referred to letters not from the immedisyer should have a higher probability of entering
ately preceding visual processing episode, but frqiy\ than those on the other side of the display.

several processing episodes ago. The reason{ig efore, if short-term recognition required en-

this is that the display of the ten letters was fOJ:'oding into VWM, probe recognition performance

lowed by a retention interval (without letters) anghq,,q pe higher for the letters near compared with
by the action of reporting letters. Both of thesg,qe far away from the highlighted letter. The
phases of the task should have triggered a new \g 115 supported this prediction. Probe recogni-
sual processing episode due to changes in Procggsy \yas higher for letters that had been near to
ing demands (Schneider, 2013). compared with far away from the highlighted let-

The results of Experiment 1 of Study 4 (Poth &er. Importantly, probe recognition performance
Schneider, 2016c¢) showed that participants' probas at chance level for these far away letters. This
recognition performance was higher for reporteddicates that short-term recognition could be per-
letters than for those that had not been reportedfamed for letters that had been probable to enter
not been shown. This is consistent with the hypotWM, but was impossible for letters with a lower
esis that short-term recognition presupposes @nebability of reaching VWM.

coding into VWM. However, reporting the letters |, sum, these ndings argue that short-term

could itself have effects on a later short-term recogs.ognition is restricted to those objects that have

nition irrespective of encoding into VWM. FOr inya5ched VWM. As such, the activation of features

stance, reporting letters itself could interfere with categories in long-term memory seems insuf-
visual features and categories in long-term MeMOfYant to enable this function. This means that
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VWM contributes to the solution of the matchexperimental paradigm, participants memorize a
ing problem of short-term recognition across vset of visual objects over a retention interval, af-
sual processing episodes. That is, VWM seemstén which a probe object is shown. Participants
restrict the amount of information that has to kkben indicate whether the probe matches one of
considered by the mechanisms performing the délee objects that had been shown before. Short-
tual matching, the comparison of objects from therm recognition is then assessed as performance
current and from recently past episodes. Furthar-the probe recognition task (cf. Study 4, Poth
more, the ndings indicate that VWM not only un& Schneider, 2016c¢). Importantly,ratro-cue(i.e.
derlies the function of object recognition but alsa “retrodictive cue”) is presented after the display
plays a crucial role for short-term recognition. Thisf objects but before the probe. In the variants of
also implies that object recognition and short-terthe paradigm that are of current interest, the retro-
recognition share a common limit: Informatiogue is either valid or neutral (e.g., Astle, Sum-
about only a small number of objects can be emer eld, Grif n, & Nobre, 2012; Kuo, Stokes, &
coded into capacity-limited VWM per visual proNobre, 2012). Valid retro-cues predict which of
cessing episode to accomplish the two functionstoe memorized objects is going to be relevant for
visual cognition. the upcoming comparison with the probe. Neutral
retro-cues do not provide any information about the

4.2 Priority in visual working memory im- comparison. The main nding of this paradigm is

recognition valid as compared to neutral retro-cues. Short-term

recognition thus bene ts from the valid retro-cues.

As we have just seen, VWM seems to play an im- Fyeling a constant debate, retro-cues may im-
portant role in bOth, ObjeCt recognition and Shorigact on a number of different mechanisms to sup-
term recognition. As described before (See Sectiﬁart performance inan upcoming short-term recog-
2.1), encoding into VWM is mediated by mechaition task (for a review, see Souza & Oberauer,
nisms of visual attention, selecting among all avafin16). Most accounts assume that retro-cues af-
able object those that are important to the Cy&ct memory-retention, by interacting with repre-
rent task, thus prioritizing the objects for recognkentations of the memorized objects in VWM (e.g.,
tion (e.g., Bundesen, 1990; Duncan, 2006; SChnﬂho’ Yeh, Chen, & D'Esposito, 2011; Lepsien’
der, 1995; for an overview, see Poth & Schneidethornton, & Nobre, 2011: Matsukura, Luck, &
2013). There has been extensive research on sygbera, 2007: Murray, Nobre, Clark, Cravo, &
a prioritization of object information up to the timesiokes, 2013: Nobre, Grifn, & Rao, 2008, for
of VWM encoding (as reviewed by Bundesen etah, more extensive discussion, see Poth & Schnei-
2015; Duncan, 2006). However, a exible use angkr, 2016d, submitted). In contrast to this view,
application of visual information in task-driven beone may, however, also hypothesize that retro-cues
havior, requires that processing priorities can algQert their effects by interacting with processing
be changed after VWM encoding. This may be egf the probe, improving its utility for short-term
pecially important for accommodating and prepaiecognition. Moreover, the two hypotheses are not
ing for the requirements of upcoming visual pranytually exclusive, retro-cues could well in uence
cessing episodes, such as an impending short-tef@mory-retention and processing of the probe.

recog-nltl.o.n. _ _ o In Study 5 (Poth & Schneider, 2016d, submit-
Prioritization of objects within VWM canted), we investigated these hypotheses in an exper-
be studied by means of the so-calledtro- jment modifying the retro-cuing paradigm (and in

cuing paradigm(Grif n & Nobre, 2003, see also 3 near-exact replication experiment). Participants
Landman, Spekreijse, & Lamme, 2003). In this
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viewed two objects (colored squares) and memmhich the probe is processed for comparison with
rized them over a retention interval. Afterwards,the objects in VWM in order to accomplish short-
probe was shown that either did or did not mat¢érm recognition of the probe.

one of the preceding objects. Short-term recogni- the results of Study 5 (Poth & Schnei-

tion was assessed as participants' performancqjg}’ 2016d, submitted) showed that both of the
Indicating if the probe did or did not match a preg,, components were affected by the retro-cues.
ceding object. A retro-cue was presented in bgsiy retro-cues improved memory-retention, as
tween the retention interval and the probe. Thggessed by the asymptotic level of performance.
retro-cue was either valid or neutral. A valid retrorpjs s \ell in line with several accounts from the

cue pointed at the location of the one of the Prge a1 re. assuming that retro-cues modulate object

ceding obj_ects that was goi_ng to be relevant f%presentations in VWM (Kuo et al., 2011; Lep-
the upcoming comparison with the probe. Specffia, ¢t al., 2011; Matsukura et al., 2007; Murray

ically, if the probe matched a preceding object, &t 51 2013: Nobre et al., 2008). However, valid

was always the one highlighted by the retro-Cugqrq_cues also accelerated processing of the probe,
A neutral retro-cue did not contain such locatiqRich is a nding that calls for an extension of cur-

information. Critically, the presentation duratiopant accounts. One interpretation of this effect is

of the probe was varied and it was terminated By, priefer presentations of the probe caused it to

a mask. This allowed us to assess performange onresented with low quality. The valid retro-
in the short-term recognition task as a function gf,, may have compensated for this low quality. For

the presentation duration of the probe. We t thigstance the valid retro-cue could have strength-
data with an exponential model (Bundesen, 1990:4 of the cued object in VWM (Kuo et al., 2011

Wickelgren, 1977) that disentangled two COMPQgpsien et al., 2011; Nobre et al., 2008), so that
nents of performance (among an additional COMRRE omparison could still be conducted. Shorter

nent thatis not relevant here, see Poth & Schneidgfasentation durations of the probe (after exceed-
2016d, submitted). The rstcomponentis the IeVﬁ{g a minimum presentation duration, see Poth &
of asymptotic performance which is reached whefipneider, 2016d, submitted) would still be suf -
the probe is shown for a relatively long duratioRieny for short-term recognition. Thus, function-

Based on a number of ndings, we can assum@y this would be equivalent to an increase in the
that perceptual processing of the probe Improves,cessing speed of the probe in the context of this
with increasing presentation duration (e.g., Bundgy

sen & Harms, 1999; Petersen & Andersen, 2012; _ )

Shibuya & Bundesen, 1988). At the asymptote, Alternatively, valid retro-cues may have accel-
however, performance stops to increase with farated processing of the probe by engaging a mon-
creasing presentation duration of the probe. At tiigfing mechanism (see Poth & Schneider, 2016d,
point, perceptual processing of the probe shOtﬁHbm'tFed' for furth_er _dlscussmn). That is, once
be over. Therefore, variations of the asymptortlée valid retro-cue indicated which of the objects
should not re ect processing of the probe but melft VWM was going to be relevant for the upcom-
sure the performance in retaining the objects i} Short-term recognition task, the display could
VWM. The second component is the rate at whi¢lve been monitored for the appearance of the fea-
performance increases with increasing presentatigffs of the cued object. This could have increased
duration of the probe (toward asymptotic perfoyisual processing speed by means of the pigeon-
mance). This is a well-established measure of pRR/iNg mechanism of TVA (Bundesen, 1990; see
cessing speed (Bundesen, 1990; Wickelgren, 109§¢tion 2.1). The perceptual decision bias for cate-
see also Study 3, Poth & Schneider, 2016b, s#®fZing the upcoming probe as having the features
mitted). Here, it should represent the speed wif the cued object could have been set high. This
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would have increased processing of these categbthe matching problem of short-term recogni-
rizations. However, such a monitoring by pigeoion. They in uence the retention of informa-
holing only works on trials on which the probe intion from recently past episodes and the acquisi-
deed matched the cued object. This problem miggyn of new information in upcoming episodes. In
be solved by a setting a deadline for processing thés way, priorities in VWM may determine which
probe. If the probe was not categorized as haviagd how much information from different process-
the features of the cued object until this deadlineg episodes is taken into account by the mecha-
it would be decided that the probe did not matehsms performing the actual matching of objects
the cued object. Since valid retro-cues speededfapshort-term recognition.

processing of the probe, the deadline could be set 4 ndings may add an interesting avenue

shorter compared with neutral retro-cues. to short-term recognition across visual processing
Together, the ndings of Study 5 (Poth &episodes. They may suggest that task-driven in-
Schneider, 2016d, submitted) demonstrate that formation processing continues after information
oritizing information in VWM can prepare thehas entered VWM and that it takes new informa-
use of this information in an upcoming short-terition (such as from a retro-cue) into account. Im-
recognition task. This seems to involve both, epertantly, this may then prepare processing in the
hanced memory-retention in VWM and accelenext visual processing episode, at least when this
ated processing of the probe on which short-teepisode belongs to the same short-term recognition
recognition has to be performed. This suggestsk.
that priorities in VWM contribute to the solution
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Chapter 5

Episodic visual cognition: Discussion and outlook

The central question of this dissertation waequired in many situations of visually-guided be-
how the two functions of visual cognition, obhavior (e.g., Rensink, 2002).

ject recognition and short-term recognition, aré |, .onrast to object recognition, for short-term

fullled across visual processing episodes. Mot oqnition visual processing episodes lead to a
speci cally, the dissertation asked how the mechgz,piem of matching. While the selective inte-
nisms underlying the two functions solve particulgfation problem refers to object recognition across
probl_em_s arising from the dissection of visual prgji,e and the next episode, the matching problem of
cessing into episodes. short-term recognition requires links between the
current and (potentially) multiple episodes of the

5.1 Mechanisms of episodic visual cognitionyecent past (and irrespective of object recognition
for object and short-term recognition in the sense of categorization).

It was argued that visual processing episodes poseln our studies, we investigated components of
two contrasting problems for the two functionfle mechanisms underlying object and short-term
of visual cognition. For object recognition, vifecognition that may play key roles in solving the
sual processing episodes lead to the problemPgpblems of visual processing episodes.

selective integration. That is, it must be decided Qur rst three studies focused on object recog-
whether object representations from two succefition across processing episodes of eye xations
sive episodes should be integrated into a coseparated by saccadic eye movements, because x-
mon or separated into distinct representations. Hions are a type of episode ubiquitous in human vi-

tegration enables a cumulative processing of &jon (e.g., Gegenfurtner, 2016; Rolfs, 2015; Schiitz
ternal objects across visual processing episoggsil., 2011).

(see e.qg., Demeyer et al., 2009; Kahneman et al.,In Study 1 (Poth et al., 2015) and Study 2

1992; Rayner et al., 1980). This is necessary f oth & Schneider, 2016a), we investigated a

object recognition in situations where processi . : . )
. ) ) echanism testing for object correspondence (“ob-
episodes are shorter than the processing time.re- . . . .
,ﬁct continuity”) across visual processing episodes,

gggﬁi%rtorir?tzjercaftir(‘)arfon%gm?s: (Sift Zigzgp ri.csczl which has been put forward in TRAM theory
' g y supp ) ggaSchneider, 2013). Our ndings indicated that such

tion by preventing a competition for object recog- :
o . test for correspondence between objects across
nition that would arise between two separate rep- ; :
) . . accades impacts on the perception of transsac-
resentations (Schneider, 2013). Separation is nec-,. ) .
. o adic object displacements as well as on postsac-
essary to notice and discriminate changes of ob-

jects acrossepsoes . Deutel el 1056 2050 I erouiion, That & b ob
Weil3 et al., 2015). Such change perception is alS§ P P
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discrimination of transsaccadic object displacebjects compete for visual processing resources
ments but impaired postsaccadic object recogatross the saccade separating the xations, but only
tion. Moreover, we found that object recognif they are task-relevant. Currently relevant objects
tion was impaired when object correspondence wafone xation seem to cut the resources for object
broken by changing spatiotemporal object featuneognition in the next xation, which becomes
across the saccade (by briey blanking the olpranifest in slower visual processing. These nd-
ject), but also by changing multiple surface feags offer support for a key prediction of TRAM
tures (contrast-polarity and associated luminantiegory (Schneider, 2013), namely that the task-
color-and-luminance, and color alone). Based oglevance of objects determines the distribution of
TRAM (Schneider, 2013), we interpreted the ndvisual processing resources not only within a x-
ings as evidence that breaking object correspation (as in classic attention theories Bundesen,
dence across the saccade causes presaccadicl8a@; Duncan & Humphreys, 1989; Wolfe, 1994)
postsaccadic representations of an external objeat also across intervening saccadic eye move-
to be kept as separate entities. This should alents. In sum, this suggests that the distribution of
low comparisons between them, explaining the improcessing resources for object recognition within
proved displacement perception. However, t@d across processing episodes is likewise con-
separate representations should also competetifolied by the current task. In this fashion, process-
visual processing resources necessary for object of different objects within and across episodes
recognition, explaining why object recognition wais reconciled in accordance with the task, which in
impaired. Conversely, establishing object corratrn implies that the task (or task-step) unites suc-
spondence across the saccade should lead to theéssive episodes under one roof of common pro-
tegration of the presaccadic and postsaccadic obssing goals (cf. Duncan, 2013).

ject representations. Besides (or in addition t0) \zsthin a visual processing episode, process-

preventing a competition for visual processing "y for object recognition is assumed to end with
sources, this could improve object recognition By encoding of objects into VWM (e.g., Bun-
enabling the cumulative processing of the Obje&ésen, 1990: Bundesen et al., 2005). Once en-
across the saccade. Thus, taken together, the oiegl jnto WM, objects are available for being
correspondence mechanism proposed by TRArM)orted (e.g., Bundesen, 1990; Luck & Vogel,

theory may solve the selective integration problegg; 3. griksson et al., 2015) or used for controlling
of object recognition across saccades and therﬂ@él-directed action (e.g., Schneider, 2013).

impact on object recognition in several ways. _
In Study 4 (Poth & Schneider, 2016c), we

An object correspondence mechanism may ligky e whether such an encoding of object infor-
successive episodes for visual processing of a iflsiion into VWM is also required beyond the cur-
gle external object. For different external objects, episode. More speci cally, we asked if ob-
however, visual processing episodes createé anoifief information must have been processed up to
problem. Namely, limited visual processing §pe |evel of VWM in the episode it was acquired,
sources (€.g., neurons; Bundesen etal., 2005; Dgsisrqer to be available for short-term recognition

mone & Duncan, 1995) that are required for obje ater episodes. Our results seem to support this

recognition must be allocated intelligently to dify jtion. We found that objects that supposedly did

ferent objects in successive processing episodes, i raach VWM (.e. had not been reported or
In Study 3 (Poth & Schneider, 2016b, submitwere unlikely to be reported) were not available
ted), we examined how visual processing resourdesperforming a subsequent short-term recognition
are distributed across different objects of succeask. Therefore, encoding object information into
sive episodes of eye xations. Here, we found thedWM seems to be a processing step that prepares
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and is necessary for short-term recognition in later object recognition and short-term recognition
processing episodes. In this manner, VWM coaeross visual processing episodes. The mechanism
tributes to the solution of the matching problemf object correspondence seems to link one pro-
of short-term recognition across visual processingssing episode to the next for encoding into VWM
episodes. Thatis, VWM seems to limit the amouand thus for object recognition. The mechanism
of information that has to be considered by thed VWM seems implied in both, object recogni-
mechanisms performing the actual matching, then in the current episode, and in the preparation
comparison of objects from the current and froof short-term recognition in later episodes. Mech-
recently past episodes. anisms that set priorities within VWM seem to im-

Study 5 (Poth & Schneider, 2016d, submitter‘Cton the nex_t processing episodes bym uencing
continued the investigation of VWM as a mech&€mory-retention as well as the acquisition of new
nism underlying short-term recognition across prgl_formatlon in service of short-term recognition.
cessing episodes. Here, we examined how pri- However, by introducing these mechanisms in
oritizing objects within VWM can prepare forthe context of visual processing episodes, the stud-
short-term recognition in an upcoming processimgs also raise a number of new questions for future
episode. In particular, we used a paradigm that e¢search.
lowed to disentangle two components of short-term
recognition performance. The rst component 8.2 Open questions of episodic visual cognition
memory-retention in VWM. The second one is the
processing Speed of a probe Object that had to/b%explained in the Introduction (See section 14),
matched against objects held in VWM, in order f§sual processing episodes arise due to a number
perform the short-term recognition. PrioritizatioRf different factors (Schneider, 2013). We here ex-
in VWM was studied by retro-cues, which did ofMmined the mechanisms of object and short-term
did not indicate the object in VWM that was gote€cognition across different types of visual pro-
ing to be relevant for short-term recognition. Weessing episodes.
found both of the two components affected by the Qur rst three studies (Poth et al., 2015; Poth
prioritization. Prioritizing an object in VWM im- g Schneider, 2016a, 2016b, submitted) focused on
proved its memory-retention, but also acceleratggle xations as episodes that must be overcome for
the processing of a probe object in the upcomig@ject recognition. Fixations are separated by sac-
short-term recognition task. This suggests that thgdic eye movements, which might make them spe-
matching problem of short-term recognition acroggal in the sense that information about their onset-
visual processing episodes is solved in a dynangii@e and direction is available in advance. For in-
and task-driven fashion. That is, current procesgance, the saccade-eliciting signals can be made
ing priorities contribute to the problem solution i@vailable to brain centers for visual processing by
two ways. First, by in uencing the retention of incorollary discharges (see e.g., Wurtz, 2008; Wurtz
formation of recently past episodes, and secord.al., 2011), and this information may contribute
by guiding the acquisition of new information ing the linking of successive xations (e.g., by spec-
upcoming episodes. In this fashion, the prioritig§ing a time-window in which the test for transsac-
determine which and how much information frorsadic object correspondence, Poth et al., 2015;
different processing episodes is used by the meeiyth & Schneider, 2016a, should be conducted).
anisms performing the actual matching for shoguch predictive information would be missing for
term recognition. visual processing episodes triggered by the appear-

Taken together, the ndings of the discusse&nce or disappearance of objects in the visual eld

studies reveal speci c mechanisms that contribuf@r a discussion, see Schneider, 2013), or by the
occlusion or movement of objects (Hollingworth &
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Franconeri, 2009; Kahneman et al., 1992). & Bulthoff, 2004). It may also allow a sparse
In addition, a different kind of predictive infor-and computationally ef cient processing (cf. Ol-
usen & Field, 2004), because only one instead

mation about upcoming processing episodes ,
be available when the episode is embedded W0 (Or more) representations has to be dealt

known task, such as in the presented studies (/&t_h. However, if information about two actually

Duncan, 2013). For these reasons, an interestﬂﬁ@erem states of an object or two different objects

avenue for future research may be to investigigdntegrated, then the differences would be missed.

how the factors eliciting and predicting visual prolNiS may be the case because there are no two rep-

cessing episodes impact on the solutions put sgsentations that can be compared to detect the dif-

ward by mechanisms of visual coghition to oveference (as discussed for the perception of visual

come them. stability, see section 3.1).
o o _ ) Whether it is more important to have robust and
5.3 Is episodicness a principle of visual cogni-sparse object representations or to be able to de-
tion? tect and discriminate object changes over time de-

Up to this point, we have considered visual prg_ends on the current task and environmental cir-
cumstances. Critically, whether the one or the

cessing episodes as a problem that must be ovef- . . .
come for visual cognition, speci cally for its func-o(?,:Ier requirement prevails may change quickly.

tions of object and short-term recognition. How! 'S thought may lead to the new view that hav-

ever, the nal part of this dissertation synopsfgg visual processing episodes can aIsc_; supporF v
al cognition and not only challenge it. That is,

aims to take a different view and speculate abq Issecting visual processing into distinct episodes
the functional value that processing episodes mi% 9 P d P
ers temporally regular and controllable check-

have for visual cognition. points at which it can be decided whether ob-
The object correspondence mechanism pigct information should be integrated or separated.
posed by TRAM theory (Schneider, 2013) presentgerefore, having episodes rather than a continu-
a solution to the selective integration probleg\s stream of visual processing may re ect a com-
of object recognition across visual processiigomise between the representational robustness
episodes. At the beginning of each visual proceggovided by integration and the temporal resolution

ing episode, the mechanism tests whether CUIr@di detecting object changes provided by separa-

external objects correspond to objects from the pggm.

vious episode (that are now in VWM). Depend- . .

ing on the outcome of this test, information aboFt In addition to such a compromise between ro-
[

an external object is either integrated or separa el%:ismeSS and temporal resolution of representa-

. . : ons, visual processing episodes may enhance pro-
across the visual processing episodes. : proc g epis y b
cessing by limiting processing demands. Speci -

Integrating information about an object ovefaly, they may restrict the amount of information
time into one representation may be a strategy t@gt is carried forward in time. For instance, Study
fastinformation processing, because it can procegboth & Schneider, 2016c) suggested that initial
cumulatively (e.g., Demeyer et al., 2009; Kahngrocessing steps that activate for all object in the
man et al., 1992). It should also prevent attentiongsual eld speci ¢ visual features and categories
Competition for ObjeCt recognition, which arose |h |0ng_term memory are not suf cient for an ob-
separate representations were formed (Schneigigdy's |ater short-term recognition. Instead, pro-
2013). Integration may also provide the mogkssing the object up to the level of VWM seems
robust object representations (e.g., by capitalig-pe required. This might hint at that the linger-

ing on potential information redundancy, as suprg activation of visual features and categories is
posed for information from different senses, Ernst
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not sustained over time (and hence cannot be usester (cf. Neumann, 1987), because they can be
for short-term recognition). As a consequencextracted from pre-restricted (e.g., in VWM) infor-
there may be less interference between features aration instead of all available information (e.g., at
lower processing demands at the initial steps thie retina).

processing (e.g., the formation of prqto-objects that 1 conclude, visual processing episodes can be
is proposed by TRAM theory, Schneider, 2013, Spgarded from two points of view. On the one

also Wischnewski et al., 2009, 2010). Dissectijgnq  there are a number of external factors and
processing into episodes and clearing initial staggsy_requirements that result in visual processing
of processing at their beginning may be more €fqisodes (Schneider, 2013) and that must be ad-
cient than resolving coniicts of current and pasyressed by mechanisms of visual cognition. Other-
feature activations. This should support object dge fnctions such as object and short-term recog-
well as short-term recognition.  In addition, thigjion were not realizable. On the other hand, how-

proposal is also in line with the older idea th%tver, sepisodicness” may also constitute a princi-

carrying only a limited amount of information for'ple of processing that nds expression in differ-

ward in time is bene cial for action control (as irgnt mechanisms, and reconciles representational
the selection-for-action view of attention, A”portrobustness, temporal resolution, and potential in-
1987; see also Neumann, 1987). That is, the Rararence of information.

rameters for controlling action may be obtained
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Visual perception is based on information processing during periods of eye
pxations that are interrupted by fast saccadic eye movements. The ability to
sample and relate information on task-relevant objects across Pxations implies
that correspondence between presaccadic and postsaccadic objects is established.
Postsaccadic object information usually updates and overwrites information on the
corresponding presaccadic object. The presccadic object representation is then lost.
In contrast, the presaccadic object is conserved when object correspondence is
broken. This helps transsaccadic memory but it may impose attentional costs on
object recognition. Therefore, we investigated how breaking object correspondence
across the saccade affects pogsaccadic object recognition. In Experiment 1, object
correspondence was broken by a brief postsaccadic blank screen. Observers made a
saccade to a peripheral object which was dsplaced during the saccade. This object
reappeared either immediately after the saccade or after the blank screen. Within the
postsaccadic object, a letter was brie3y presented (terminated by a mask). Observers
reported displacement direction and letter identity in different blocks. Breaking object
correspondence by blanking improved displacement identibcation but deteriorated
postsaccadic letter recognition. In Experimat 2, object correspondence was broken
by changing the objectOs contrast-polayi. There were no object displacements
and observers only reported letter identity. Again, breaking object correspondence
deteriorated postsaccadic letter recogniion. These Pndings identify transsaccadic
object correspondence as a key determinant of object recognition across the saccade.
This is in line with the recent hypothesis that breaking object correspondence results in
separate representations of presaccadic ad postsaccadic objects which then compete
for limited attentional processing resources fchneider, 2013. Postsaccadic object
recognition is then deteriorated because less resources are available for processing
postsaccadic objects.

Keywords: saccade, visual stability, attention, object correspondence, transsaccadic memory

INTRODUCTION

Accurate vision is spatially and temporally lingteSpatially, it is limited to the fovea, the center
part of the eyess retina which provides the highest visual resolution fergllay and Gilchrist,

2003). The low resolution in the retinal periphery places a fundamental constraint on the visual

exploration of the world: To view a potentially interesting object in the periphery with high acuity,
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one must bring it onto the fovea by making a fast saccadhlreaking object correspondence in general prevents transsaccadic
eye movement. Temporally, online visual processing is limitagpdating. Instead of one updated object representation, separate
to “xations, discrete episodes in which the eyes stand relativelypresentations of the presaccadic and postsaccadic object should
still. Every saccade interrupts useful visual input and changes thimerge Deubel et al., 1996as et al., 203 5chneider, 2003
retinal position and resolution of external objects. Nevertheless, Critically, the bene“cial eects of breaking object
humans perceive the visual world as stable across saccadesd@orespondence for perceiving transsaccadic displacements
reviews, sed@ridgeman et al., 1994Nurtz, 2009. Moreover, and feature changes may come at costs in terms of postsaccadic
coping with most natural tasks demonstrates that humansbject recognition. This hypothesis is based on the theory of
sample and relate information on task-relevant objects acrosEask-dRiven visual Attention and working MemoryZ (TRAM,
eye movementsL@nd and Tatler, 200%Schneider, 20)3This Schneider, 20)3 TRAM follows the biased competition
implies that the visual system assessbgct correspondenceapproach to attention esimone and Duncan, 19p%@and the
across “xations Klollingworth et al., 2008 also called object sTheory of Visual AttentionZ Bundesen, 199passuming that
continuity, Schneider, 20)3 it assesses whether input fromvisual objects compete for object recognition. Speci“cally, an
postsaccadic and presaccadic objects (apparently) comes fromdbgct is recognized and becomes accessible (e.g., for report) if
same external objecK@hneman et al., 199&win and Andrews, it enters capacity-limited visual working memory. An object can
1996. Object correspondence is a prerequisite for updatingnter visual working memory if enough attentional processing
presaccadic low-quality information on a peripheral object witliesources (e.g., neuron&undesen et al., 20Pthave been
postsaccadic foveal information on the same objetir(derson allocated to it. Object recodiion is competitive because
and Anes, 1994Demeyer et al., 200Herwig and Schneider, these processing resources are limited and have to be split
2019. among objectsEundesen, 199Mesimone and Duncan, 1995
Transsaccadic object correspondence and updating &endesen et al., 20p5Thus, the more objects take part in
considered elementary for building a task-relevant representatitime competition, the less attentional processing resources are
of the visual environment, as they tie together the samplewvailable for processing each individual object in service of object
obtained from successive “xationsS¢hneider, 2033Ganmor recognition. A central idea of TRAM is that the competition
etal., 2015Herwig, 2015aWolf and Schitz, 2035Vurtz, 2015. for object recognition is organized in discrete competition
However, it appears that signaling of object correspondence aggdisodes of which eye “xations are a prominent case. Two kinds
updating can also strikingly impair perception. An object can bef objects participate in the competition. First, objects from the
displaced during a saccade for up to a third of saccade amplituderrent episode, including those objects that have updated their
without this being noticeableEidgeman et al., 19)5This form  corresponding counterparts from the preceding episode. Second,
of transsaccadic change-blindness suggests that the postsacaalgjiects from the preceding episode for which no corresponding
object location updates and overwrites the presaccadic objetfject was found in the current episode. Therefore, an object
location Deubel et al., 1996As a consequence, displacementhat has not been updated due to broken object correspondence
perception su ers because only the postsaccadic object locatimtroduces an additional competitor into the current competition
remains availableZdeubel et al., 1996 episode. As a consequence, attentional processing resources must
How does the visual system assess object corresponderzeplit among more objects. This then cuts the resources for
Object correspondence is signaled if a test of the presaccagiocessing each individual object and thereby imposes costs on
object against the object after the saccade results in a matfhject recognition.
(Deubel et al., 1996@as et al., 20)2This notion is supported by ~ The present study aimed at testing the hypothesis that
a number of studies using thalanking paradigmwhich breaks breaking object correspondence across the saccade deteriorates
object correspondence by blanking a saccade target object durpastsaccadic object recognition. Two experiments each
the saccade and delaying its reappearance until shortly aftesed a dierent manipulation to break transsaccadic object
eye-landing Deubel and Schneider, 199eubel et al., 1996, correspondence and examined its e ects on performance in a
1998, 2002the discussion in terms of object correspondencpostsaccadic letter recognition task.
comes fromTas et al., 2012 Blanking improves accuracy in
reporting transsaccadic displacements of the saccade target object
considerablyDeubel and Schneider, 19%2eubel etal., 1996ln EXPERIMENT 1
addition, blanking improves accuracy in reporting transsaccadic
changes of visual object features besides location (such as spétidExperiment 1, blanking was used to break transsaccadic
frequency, Weil3 et al., 2015see, alsdDeubel et al., 2002 object correspondencég¢ubel et al., 199&f. Tas et al., 2012
Together, these results indicate that blanking prevents updati@pservers made a saccade to a peripheral object which was
and overwriting of the presaccadic object with the postsaccadiesplaced during the saccade. The postsaccadic object appeared
one. Both objects are compared and this allows to identigither immediately after the saccade (no-blank condition) or
displacements{eubel and Schneider, 1992eubel et al., 1996, after a brief blank (blank condition). A single letter was
2002 and changes of other visual featuréS€i3 et al., 201% presented simultaneously to amndthin the postsaccadic object
Briey occluding the postsaccadic objeCtgubel et al., 200and and was terminated by a pattern mask. Both, displacement
changing its contrast-polarityTas et al., 20J)2helps reporting identi“cation and postsaccadic object recognition performance
displacements in a similar way as blanking. This suggests thetre assessed. Observers reported displacement direction and
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FIGURE 1 | Paradigm of Experiment 1. Observers made a saccade to an diptic object containing an irrelevant speeil character. The object was displaced during
the saccade. The postsaccadic object contained a letter. It was shown for 80 m (pattern-masked), either immediately after the saccade (no-blank cdition) or after
a 100 ms blank (blank condition). Displacement direction was reported in @report block, letter identity in the other. Ellipses of broken lines prade reference
positions (they were not shown on the screen): A black ellipse of broken lines indicates the location of a previous object, a green ellipse of brokesslindicates the
location of an upcoming object.

letter identity in two di erent blocks of trials. If breaking object 0.48 x 0.56) in Arial font and a black plus-character
correspondence by blanking imposes costs on object recogniti¢d,28 x 0.28) was used as “xation cross. The saccade target
then performance in reporting the postsaccadic letter shoulobject was a gray ellipse (29 ed m®2; 0.7 x 1.26). The

su er in the blank condition compared to the no-blank condition. white background had a luminance of 89 ed m>2. Four
This predicted deterioration in object recognition is diametricatli erent pattern masks were used, which consisted of rectangles
to the expected performance improvement for displacemeiit.01 x 1.5) “lled with black scramied lines of dierent
identi“cation (Deubel and Schneider, 1992eubel et al., 1996, widths.

2002.

Design and Procedure
Method Figure lillustrates the experimental paradigm. Each trial began
Observers with “xation of a central “xation cross (at least 490 ms continuous

Sixteen observers (eight males, eight females) between “dtion plus a variable deja between 0 and 500 ms; trials
and 32 yearsNidn = 27 years) were paid to participate inwere aborted and repeated if the “xation cross was not “xated).
Experiment 1. All had normal or corrected-to-normal visionAfterward, the “xation cross wasxtinguished and an ellipse was
(contact lenses) and gave written informed consent before tiseown as saccade target object,08 8 from screen center in
experiment. The type of experiment was approved by Bielefdidrizontal direction. This ellipse contained an irrelevant special

Universityss ethics committee. character and was presented until the observer made a saccade
to it (detected using velocity and acceleration thresholds of
Apparatus and Stimuli 30 x s°1and 8000 x s°2). In the no-blank condition, the now

The experiment took place in a dimly lit room. Eye behavioempty ellipse was displaced for during the saccade (with the
was recorded by a video-based tower-mounted eye-trackaextscreen refresh after saccade detection). Initial position of the
(Eyelink 1000, SR Research,sklssauga, ON, Canada) whiclellipse (6 or 8 , left or right to screen center) and displacement
was calibrated using a nine-point grid procedure and samplatirection (left or right) were randomized across trials with equal
observerse right eyes at 1000 Hhs®rverse heads were stabilizedumbers of occurrence in each condition. At the next screen
by forehead and chin rests, 71 cm from the 19Z-CRT-scregsfresh after eye-landing, a letter was shown within the ellipse for
(G90FB, ViewSonic, Brea, CA, USA) which ran with a resolutioBO ms and terminated by a pattern mask lasting for 300 ms. The
of 1024x 768 pixels (at physical dimensions of 36 en27 cm) letter was randomly drawn from the set of used letters (each letter
and a refresh rate of 100 Hz. occurred equally often in each blanking condition and report
The experiment was controlled by Experiment Buildeblock; special characters were drawn analogously). The mask was
(v1.10.1025). Stimulus lumamce was measured using arawn randomly from the set of used masks. After 500 ms, a
MAVOLUX-digital luminance meter (Gossen, Nurembergresponse screen prompted observers to report letter identity or
Germany). Stimuli were black<(@l cd x mS?) special displacement direction using the keyboard (unspeeded forced
characters (§8$&}I ) and letters (ABDGHJKLMNPRSTVX; choice; letter-keys or *F1Z and «F12Z, respectively). The next
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FIGURE 2 | Performance in Experiment 1.  Letter report performance(left) and displacement report performance(right) . Error-bars indicate 95% conbdence
intervals for within-subjects designsi{lorey, 2008). Broken lines indicate chance level.

trial started after the report was made. The blank condition
was identical to the no-blank condition except that an empty
screen was shown during the saccade and lasted for another
100 ms from the screen refresh after the eye-landing. Trials of
the two blanking conditions occurred in random order within
report blocks. All observers performed two report blocks (order
counterbalanced across sample) of 152 trials, the half of which
belonging to the no-blank and the other to the blank condition. In
these blocks, they either only reported displacement direction or
only letter identity. Observers performed 16 training trials before
each report block.

Results
Trials were excluded from thenalyses, if no saccade was made
until 400 ms after onset of theascade target object, saccade
latency was below 100 ms (anticipatory saccades), or the saccade
target object was missed by more than 2Atotal of 4.3% of the
trials was discarded. Letter and displacement reports were each
pooled across trials on which saccade target objects appeared 6 _ .
. “ . FIGURE 3 | Effects of blanking on letter and displacement reports for

or 8 to the left or I’Ight of “xation (DeUbel etal, 1996They individual observers. Differences between the no-blank and blank condition
were also pooled across orders of displacement and letter repofdr noth, displacement report ¢-axis) and letter report y-axis). Each point
blocks because mixed analyses of variances (ANOVAS) showeepresents the value of one observer. The gray quadrant indicates the region
that neither order nor the interaction of order and blanking in which point_s ;hould fall if.the gffec_t of blanking on displace_ment report
conditions a ected letter or displacement report performance, all f:;ﬂ’g:ﬂg‘:;;”c;he opposite direction of the effect of blanking on letter
Fs< 3.167, alps> 0.096. '

Accuracy was assessed as the proportion of correct responses.
A paired-sampleg-test with d, (Cohen, 198B as e ect size
showed that letter reports were signi“cantly more accurate inondition (M = 0.75,SD= 0.16),t(15) = S 5.238,p < 0.001,
the no-blank M = 0.89,SD = 0.11) compared to the blank d, = S 1.31,BF = 284.724, Figure 2, right). As evident from
condition (M = 0.75,SD = 0.17),t(15) = 4.671,p < 0.001, Figure 3 the e ects of blanking on letter report performance and
d; = 1.17, Bayes FactoBF) = 108.271, kigure 2 left; Bayes on displacement report performance were in opposite direction
Factors were computed using the BayesFactor (0.9.10-2) packimgenost observers.
for R (3.0.3), cfRouder et al., 20Q%alues greater one support Not surprisingly, observerse mean saccade latencies (i.e., the
the alternative and values smaller one the null hypothesis). time between the onset of thecsamde target object and saccade
contrast, displacement reports were signi“cantly less accuratetection) did not dier signi“cantly between the blanking
in the no-blank M = 0.64,SD = 0.12) than in the blank conditions, both inthe letter report block (no-blankt = 132 ms,
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SD= 11 ms, blankM = 133 msSD= 10 ms)t(15)= S 1.756, always displaced during the saccade and this may have a ected
p = 0.100,d, = S 0.44,BF = 0.893 and in the displacementpostsaccadic object recognition di erently in the two blanking
report block (no-blank:M = 166 ms,SD = 21 ms, blank: conditions. In line with these alternative explanations, one might
M = 168,SD= 22 ms),t(15)= S 0.858p = 0.404d, = S 0.21, suppose that object correspondence was broken in both blanking
BF = 0.352. The blanking conditions did not signi“cantly di er conditions, meaning it cannot account for the deteriorated
in deviations of gaze positions from the postsaccadic object postsaccadic letter recognition. This might have been the case
the eye trackerss “rst sample aftthe onset of the postsaccadicdbecause in both conditions a special character in the presaccadic
object (observerss mean distance between gaze position abject changed into a letter in the postsaccadic object (cf.
postsaccadic object), neither inetetter report block (no-blank: Demeyer et al., 20)0To rule out these alternative explanations,

M = 1.14, SD = 0.13, blank: M = 1.18, SD = 0.13), Experiment 2 examined how postsaccadic letter recognition was
t(15)= $ 1.730pp = 0.104d, = S 0.43,BF = 0.864, nor in the a ected by manipulating transsaccadic object correspondence in
displacement report block (no-blankvl = 1.16, SD= 0.14, conditions with identical time courses and without any object
blank: M = 1.18, SD= 0.14), t(15) = S 0.545,p = 0.594, displacements.

d, = $ 0.14,BF = 0.291. Likewise, the blanking conditions did

not signi“cantly dier in variability of gaze positions in these

samples of the eye tracker (observerse standard deviationEbKPERIMENT 2

distances between gaze position and postsaccadic object), neither

in the letter report block (no-blankM = 0.45, SD= 0.09, In Experiment 2, a change of contrast-polarity was used to break
blank: M = 0.47, SD= 0.08), t(15) = $ 1.397,p = 0.183, transsaccadic object correspondentes(et al., 20)20bservers

d, = $ 0.35,BF = 0.579, nor in the displacement report blockmade a saccade to a peripheral object which was black or
(no-blank:M = 0.53,SD= 0.11, blank:M = 0.54,SD= 0.10), White. The contrast-polarity of this object either stayed the same

t(15)=$ 0.437p= 0.669d, =S 0.11BF= 0.278. (no-change condition) or changed during the saccade (change
condition) so that a black presaccadic object changed into a white
Discussion postsaccadic one and vice versa. Similar to Experiment 1, a single

Experiment 1 provides “rst support for the hypothesis thatétter appeared simuheously to and within the postsaccadic
breaking object correspondence across the saccade impgect and was terminated by a pattern mask. In contrast to
postsaccadic object recognitioB¢hneider, 2093 Recognition EXxperiment 1, however, both of these polarity-change conditions
of a postsaccadic letter was deteriorated in the blank conditiowere identical in time course and there were no intrasaccadic
where object correspondence was broken, compared to thbject displacements. Observerss only task was to report the
no-blank condition, where it was not broken. In starkpostsaccadic letter. Now, if breaking object correspondence by
contrast, breaking object correspondence by blanking w&Banging contrast-polarity imposes costs on postsaccadic object
bene“cial for identifying transsaccadic object displacementicognition, then performance in reporting the postsaccadic
This bene“cial e ect of blanking on perception of transsaccaditetter should su er in the change compared to the no-change
object displacements replicates previous work and shows ttgndition.
the present blanking manipulation was e ectiv®dubel and
Schneider, 199&eubel et al., 1996, 2002 Method

It is well-established that blanking breaks transsaccadic obj&@bservers
correspondence Tas et al.,, 20)2and prevents the updating Twelve observers (2 males, 10 females) were paid to take part
and overwriting of presaccadic object informatioDeubel in Experiment 2. They were between 21 and 31 years old
and Schneider, 199Deubel et al., 1996, 200%Veil3 et al., (Mdn = 27), all had normal or corrected-to-normal vision
2019. However, some issues must be considered before we ¢apntact lenses) and gave written informed consent before the
conclude that the present deterioration in postsaccadic lettekperiment. The type of experiment was approved by Bielefeld
recognition was in fact due to broken object correspondencelniversityss ethics committee.
First, the deterioration might have been due to the dierent
temporal intervals between eye-landing and onset of thpparatus and Stimuli
postsaccadic object in the two blanking conditions. Visualhe apparatus and testing conditions in Experiments 1 and
processing has been claimed to be enhanced immediately alewere identical but not the same (i.e., the monitors were
saccadeslifbotson and Krekelberg, 20).1Thus, processing of of the same model but were two dierent ones). Besides, a
the postsaccadic letter might have been enhanced when thesktop-mounted vido-based eygacker (Eyelink 1000, SR
object was immediately visible after the saccade in the nBesearch, Mississauga, ON, Canada) recorded eye behavior in
blank condition compared to when it appeared later in thé&xperiment 2.
blank condition. Second, the onset of the postsaccadic objectExperiment 2 was controlled by the Psychophysics Toolbox
was visible in the blank condition but was concealed by th@.0.12;Brainard, 1997 Pelli, 1997 Kleiner et al., 2007and
saccade in the no-blank condition (e.grpock and Moore, 201%  Eyelink Toolbox (3.0.127ornelissen et al., 20p@xtensions for
Therefore, the deterioration might also stem from interferenc®IATLAB R2014b (The MathWorks, Natick, MA, USA). Stimuli
of this onset with recognition of the letter (as a form ofwere gray (67 c& m®>?2) special characters (%#8&; 0x4 0.4)
masking; e.g.Enns and Di Lollo, 2000 Third, objects were and letters (ABDEFGHJKLMNOPRSTVXZ; 0.3% 0.4) in
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FIGURE 4 | Paradigm of Experiment 2. Observers made a saccade to an diptic object containing an irrelevant speeil character. The postsaccadic object was
either of the same (no-change condition) or of the opposite contrast-polarity (change condition). It contained a letter and was visible for appraagely 30 ms after
the saccade (pattern-masked). Observers reported letter identity.

Avrial font and saccade target objects were black (kcth$2)  ellipse changed into a white postsaccadic one and vice versa.
or white (135 cdx mS2) ellipses (0.65 x 1.05). The gray Whether presaccadic ellipses were black or white was randomized
background had a luminance of 67 ed mS2. A black square across trials but the number of occurrences was equal in the two
(0.1 x 0.1) was used as central “xation stimulus. Ninety-ningpolarity-change conditions. The postsaccadic ellipse was followed
pattern masks were algorithmically created for each observer apyla pattern mask of the same polarity. The mask was presented
for both, black and white ellipses. This relatively large numbédwo or three screen refreshes after detection of saccade end so that
of masks was chosen to minimize adaptation to the maskée postsaccadic ellipse was visible after the saccade for 31 ms on
The masks consisted of black or white rectangles X22 ), average§D= 3 ms). The mask was drawn randomly from the
each containing nine letters that were drawn randomly withouset of created masks and lasted for 300 ms. After that, the screen
replacement from the set of used letters. These letters wayent blank and observers reported the letter using the keyboard
mirror-reversed and upside-down, they overlapped partially, an@nspeeded forced-choice). They could start the next trial after
together covered an area of aboutd 1 within a rectangle. For 100 ms.

black rectangles the letters were white and for white rectanglesObservers performed 64 trials of each polarity-change

they were black. condition in randomized order. Trials were aborted and repeated
on arandomly chosen subsequent trial if observers failed to “xate
Design and Procedure the central “xation stimulus or if they missed the saccade target

The experimental paradigm is illustrated Figure 4. Observers object by more than 2.5 In this way, a total of 22.5% of the trials
started each trial by pressing the space-bar. In the beginning of'&S rt_apeated. Observers performed 32 training trials before the
trial, observers “xated a central “xation stimulus for a randonfXpPeriment.

interval ranging from 500 to 1000 ms. Afterward, the “xation

stimulus was extinguished and an ellipse was presented as saca@sults

target object 8to the left or right of screen center (randomizedSeven trials were excluded from analysis because saccade latency
across trials with equal numbers of occurrence in each conditionjias below 100 ms or above 400 ms. Letter reports were pooled
The ellipse contained an irrelevant special character (randordgross trials on which saccade target objects appeared to the left
drawn from the set of used special characters) and stayedright of screen center (as for Experiment 1). They were also
on screen until the observer made a saccade to it (detectgooled across trials with di erent presaccadic ellipse polarities
using velocity and acceleration thresholds of 35 s°1 and because a repeated-measures ANOVA indicated that neither
9500 x s>2). This presaccadic ellipse was either black or whitpresaccadic ellipse polarity nor its interaction with the two
The postsaccadic ellipse contained a letter (randomly drawn fropolarity-change conditions (i.e., no-change or change) a ected
the set of used letters) and appedrduring the saccade, that is,letter report performance, botlrs < 0.099, bothps > 0.758

on the next screen refresh after detection of saccade onset. In {athough distributions of proportions of correct responses were
no-change condition, the postsaccadic ellipse and the presaccatigatively skewed for both presaccadic ellipse polarities in the
ellipse were identical in theirantrast-polarity. In the change no-change condition).

condition, the postsaccadic @tie was of the opposite contrast- Accuracy was measured as the proportion of correct
polarity of the presaccadic ellipse. That is, a black presaccadisponses. Letter reports were signi“cantly more accurate in
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In Experiment 2, transsaccadic object correspondence was
broken by changing contrast-polarity rather than by blanking.
This allowed to keep the temporal interval between eye-landing
and onset of the postsaccadic object constant in the two polarity-
change conditions. Therefore, in contrast to Experiment 1,
there were no dierences in time course between conditions
which could account for the dierences in postsaccadic letter
recognition. For this reason, two alternative explanations
of the “ndings of Experiment 1 can be dismissed for the
ones of Experiment 2. First, the dierences in postsaccadic
letter recognition did not result from enhanced processing
immediately after saccade#ljotson and Krekelberg, 20),1
because letter recognition would have been enhanced in
both polarity-change conditions. Second, the dierences did
not result from interference of the onset of the postsaccadic
object with letter recognition, because this onset happened
during the saccade and likewise in both polarity-change
conditions. Furthermore and again contrasting Experiment
1, there were no object displacements in Experiment 2. This
FIGURE S |L . o Exoer . Enorh excludes any dierential eects of displacements between
etter report performance in Experiment 2. rror-bars ] . :
indicate 95% conbdence intervals for within-subjects designs/orey, 2008). conditions.  Both e_xperlr_nents had_ n Common’ however,
The broken line indicates chance level. that the presaccadic object contained an irrelevant special
character which changed into a letter in the postsaccadic
object. Although this change might have broken object
correspondence Oemeyer et al., 20)0this cannot refer to
S -~ " _ the results of Experiment 2. The character change occurred
change condition M = 0.72,SD = 0.20), t(11) = 3.989, . . . ) .
_ _ . _ ; in both polarity-change contibns and notwithstanding
p = 0.002,d; = 1.15;BF = 21.223 Figure 5. As can be .
. " ) . there was a pronounced e ect of the polarity change on
expected, the two polarity-change conditions did not dier . . -
o . . ostsaccadic letter recognition. It has been shown previously
signi“cantly in observerss mean saccade latencies (no-chal ge . L .
L _ _ ) .. {Aat changing contrast-polarity is an e ective tool to break
condition: M = 155 ms,SD = 20 ms; change condition: . .
_ _ & _ transsaccadic object correspondendes( et al., 2012 Thus,
M 155 ms,SD = 21 ms), t(11) = S 0.494,p = 0.631, : . .
_ B : : o . even if the e ect of changing contrast-polarity only added to
d; = S 0.14,BF = 0.319. Likewise, the conditions did not . ) g .
: L . . . .. the e ect of changing the special character into the letter, it
di er signi“‘cantly in deviations of saccade landing positions_.. ) '
. . still demonstrates an e ect of object correspondence on object
from saccade target objects (observerse mean distances between

saccade landing positions and saccade target objects; no-cha{ﬁéggnition' Taken together, the ‘ndings of Experiment 2
condition:M = 0.77, SD= 0.19 : change conditionM = 0.79, refore strongly argue that breaking object correspondence

SD = 0.19), t(11) = $1.665p = 0.124,d, = S 0.48, across the saccade deteriorates postsaccadic  object

BF = 0.846. Also, they did not di er signi“cantly in variability recognition.
of deviations of saccade landing positions from saccade target
objects (observerse standard deviations of distances betw
saccade landing positions and saccade target objects; no-cha
condition:M = 0.35, SD= 0.07; change conditionM = 0.35,
SD = 0.07), t(11) = $0.216,p = 0.833,d, = $0.06,
BF= 0.293.

the no-change conditionN] = 0.91,SD = 0.15) than in the

NERAL DISCUSSION

We asked whether breaking object correspondence across the
saccade impairs postsaccadic object recognition. The present
“ndings indicate that this is the case. In both of our experiments,

) ] recognition of a postsaccadic letter was deteriorated when
Discussion transsaccadic object correspondence was broken, compared with
Experiment 2 provides further evidence that breakingvhen it was not broken. Now we can ask which cognitive
transsaccadic object correspondence impairs postsaccadiechanisms might underlie these e ects.

object recognition $chneider, 20)3 Recognition of a One possible interpretation of the present “ndings is
postsaccadic letter was deteriorated in the change conditidhat breaking transsaccadic object correspondence increases
where object correspondence was broken, compared with tlezational uncertainty of task-relevant information after the
no-change condition, where it was not broken. As such, theaccade. The precision of saccades is limited so that there
“ndings of Experiment 2 perfectly replicate and extend thés always variation in saccade landing positions. Therefore,
“ndings from Experiment 1. Moreover, Experiment 2 alsdo sample information on a s&ade target object after a
controlled for alternative interpretations of the “ndings ofsaccade, this object must be re-locatétbl(ingworth et al.,
Experiment 1. 2009, even if it remained at its location across the saccade.
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Breaking transsaccadic object correspondence may hind&r13 Herwig, 2015h Furthermore, attentional weights (in this
this re-location (and this might already happen during thecontext called eattentional pointersZ) can align presaccadic and
saccade,Panouilleres et al., 20)L3Information on where postsaccadic information by keeping track of object locations
to “nd task-relevant information after the saccade wouldacross saccadeSdqvanagh et al., 20).0This proposal is based
then be less speci“c. This could impair postsaccadic objemh studies showing that the location sensitivity of neurons
recognition, for instance because less attentional processingsome priority maps (i.e., the maps assumed to implement
resources would be devoted to the location of the postsaccaditentional weights, clBundesen et al., 20Pis updated before
object. saccades to accommodate impending saccade-induced changes
Alternatively, intact transsaccadic object correspondence maf retinal locations Puhamel et al., 1992 Along these lines,
provide computational savings which are lost in case objeERAM proposes that the attentional weight of a presaccadic and
correspondence is broken. Speci“cally, new high-resolutiom postsaccadic object is used to test for object correspondence
foveal information on a postsaccadic object updates traeross saccadeSdhneider, 20)30bject correspondence is then
representation of the corresponding presaccadic objéets ( signaled if the attentional weight of the postsaccadic object
et al.,, 2012 cf. Deubel and Schneider, 199Deubel et al.,, matches the attentional weight that is predicted based on the
1996, 200p In contrast, if transsaccadic object correspondengaesaccadic object. Thereby, the attentional weight could spatially
is broken, then there is no presaccadic representation thagute postsaccadic feature input to presaccadically created object
can (or should) be updated with postsaccadic information. Arepresentations in the process of transsaccadic updating. This
entirely new representation must be created for the postsaccadiey give rise to visual stability: the perception of a stable world
object. This additional requirement may delay processing dfespite the retinal image changes induced by saccades (e.g.,
the postsaccadic object (sudelays have for instance beenMViathot and Theeuwes, 20)L1
found when monkeys had to adapt their smooth pursuit In contrast, if object correspondence is broken, the visual
eye movements to postsaccadic motion patterifsilah and system signals that a new object has appeared after the
Reynolds, 2012 Such processing delays then deteriorate theaccade Kahneman et al., 1992rwin and Andrews, 1996
postsaccadic recognition of objects and this is most prominertccording to TRAM, the attentinal weight of the presaccadic
when postsaccadic objects are only brie”y available (as in thbject is then encapsulated (i.e., retained with its current
current experiments). connection to presaccadic features) to protect the presaccadic
These two interpretations suggest a close link betweebject against being updated and overwritten by the new
transsaccadic object correspondence and postsaccadic obfaoh-corresponding) postsaccadic object. This encapsulated
recognition. However, they do not provide a mechanistiattentional weight competes ith the attentional weights
theory of the relationship between these processes. In contrast, postsaccadic objects. Neuronal processing resources are
TRAM (Schneider, 20)3may deliver a “rst step toward such normalized over all preserdttentional weights (e.gBundesen
a theory by proposing thatattentional weights(Bundesen, et al., 2005Poth et al., 2014 Instead of having all neuronal
1990 are not only mediating competition for access to visualesources available for processing objects of the postsaccadic
working memory across saccades but that they should alsompetition episode, some amount of resources is again
establish correspondence between presaccadic and postsacdattioneider, 20)3or still (Petersen et al., 20)Lallocated to
objects. the presaccadic object. In sum, TRAM proposes that breaking
Attentional weights represent the processing priority obbject correspondence across the saccade provokes attentional
objects by combining the task-driven and the intrinsic relevanaempetition between presaccadic and postsaccadic objects. This
of object features Eundesen, 1990 Neuronally, attentional attentional competition hypothésprovides one explanation why
weights are assumed to exist in spatially organized priority mapseaking object correspondence impaired postsaccadic object
in several brain areasB(ndesen et al., 200%&f. Fecteau and recognition in the present experiments. Testing the hypothesis
Munoz, 2006 Cavanagh et al., 20;1Belinsky and Bisley, 2015 may be an interesting avenue for future studies aiming to
Thus, attentional weights code for the feature-derived attentionklidge research on transsaccadic object correspondence and on
priority of objects but also for their spatial location. With mechanisms of visual attention and object recognition.
this combination of priority and location, attentional weights
can provide a number of functions fundamental for human
active vision. Within priority maps, attentional weights control CONCLUSION
saccade target selection (swhere-to-look-next®Zschnewski
etal., 2009, 2018chneider, 20)3This is a form of selection-for- The present study shows for the “rst time that breaking object
action (Allport, 1987 Neumann, 198). In addition, attentional correspondence across the saccade deteriorates postsaccadic
weights govern the allocation of neuronal processing resourcalsiect recognition. This reveals a crucial role of object
to objects in order to accomplish object recognitiddufidesen correspondence for vision across successive “xations and
et al.,, 200p This is selection-for-perception (covert visualaccades. Natural human vision consists of a succession of
attention). Selection-for-action and selection-for-perception ar&ations and saccadic eye movements. Therefore, classical
assumed to be tightly couplec&¢hneider, 1995 chneider and theories of task-driven object recognition (and visual attention;
Deubel, 2002 cf. Irwin and Gordon, 1999 and attentional Bundesen, 1990Wolfe, 1994 should now take mechanisms of
weights in priority maps may establish this couplirigcfineider, transsaccadic object correspondence into account.
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Rapid saccadic eye movements bring the foveal region

of the eye’s retina onto objects for high-acuity vision.

Saccades change the location and resolution of L ) i

objects’ retinal images. To perceive objects as visually ~Human vision is based on a reiterating cycle of
stable across saccades, correspondence between the Saccadic eye movements and intervals of relatively
objects before and after the saccade must be stable eye position, the so-called “xations. Saccades
established. We have previously shown that breaking shift the eye rapidly, directing its foveal high-acuity
object correspondence across the saccade causes a region at potentially interesting parts of the environ-
decrement in object recognition (Poth, Herwig, & ment. Fixations provide clear visual snapshots of
Schneider,2015). Color and luminance can establish  objects, snapshots that are not corrupted by the
object correspondence, but it is unknown how these  suppression of information uptake or by the motion
surface features contribute to transsaccadic visual blur, which occur during saccades (e.g., Krock &
processing. Here, we investigated whether changing  Moore, 2014; Wurtz, 2008). However, snapshot-like
the surface features col_or-an_d-luminance a_nd C(_)|OI’ sampling also poses a problem for perception and
alone across saccades impairs postsaccadic object  action. Perceiving objects as continuously present
recognition. Participants made saccades to peripheral across saccades and to act based on this perception
objects, which either maintained or changed their require that the snapshots of objects from successive
surface features across the saccade. After the saccade, «yations are linked (e.g., Higgins & Rayner, 2015:
participants briefly viewed a letter within the saccade Schneider, 2013). This linkage is complicated by the
target Obleg.t (tebr_mlnated by a pattern mask). d fact that every saccade displaces an objectes image on
Postsacca Ic o Ject recognition was assessed as the retina and changes its resolution (e.g., Herwig &
participants’ accuracy in reporting the letter. Schneider, 2014; Wurtz, 2008, 2015). How, then, does

Experiment A used the colors green and red with . . .
different luminances as surface features, Experiment B (€ Visual system achieve coherent representations of
. external objects across saccades?

blue and yellow with approximately the same : .
luminances. Changing the surface features across the Current theories propose that coherent transsaccadic

saccade deteriorated postsaccadic object recognition Object representations depend on a test for object

in both experiments. These findings reveal a link correspondence across saccades (Hollingworth, Rich-

between object recognition and object arc_l, & Luck, 2008, Tas, Moore, & Hollingworth, 2012). _

correspondence relying on the surface features colors This means the visual system tests whether postsaccadic

and luminance, which is currently not addressed in ~ and presaccadic object representations likely stem from

theories of transsaccadic perception. We interpret the the same external objects. If the test for object

findings within a recent theory ascribing this link to correspondence is positive (i.e., object correspondence

visual attention (Schneider, 2013). is established), presaccadic object representations are
updated with postsaccadic information (Demeyer, De
Graef, Wagemans, & Verfaillie, 2009; Henderson &
Anes, 1994), leaving only one postsaccadic representa-
tion (Tas et al., 2012; see also Schneider, 2013). Having
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only one object representation may entail visual
stability, the perception of a continuous and stable
visual world despite the saccade-induced changes of
retinal images (for reviews on visual stability, see
Bridgeman, Van der Heijden, & Velichkovsky, 1994;
Math ot & Theeuwes, 2011; Wurtz, 2008; Wurtz, Joiner,
& Berman, 2011). However, this also means that
presaccadic and postsaccadic objects cannot be com-
pared, which explains why object displacements
(Bridgeman, Hendry, & Stark, 1975) and changes of
visual object features (Deubel, Schneider, & Bridge-
man, 2002; Weil3, Schneider, & Herwig, 2015) are hard
to perceive when they occur during saccades. In
contrast, if the test for object correspondence is
negative (i.e., object correspondence is broken), pre-
saccadic and postsaccadic objects are assumed to be
represented separately (Deubel, Schneider, & Bridge-
man, 1996; Schneider, 2013; Tas et al., 2012). This
diminishes the perception of visual stability but helps to
discriminate intrasaccadic object changes, presumably
because the two representations can be compared
(Deubel & Schneider, 1994; Deubel et al., 2002; Deubel
et al., 1996; Tas et al., 2012; Weil et al., 2015).
Transsaccadic object correspondence not only is
important for visual stability but also has recently been
shown to affect object recognition (Poth et al. 2015; see
also Schneider, 2013). In this study, participants made
saccades to a peripheral object. After the saccade, a
letter was shown in this object and terminated by a
pattern mask. Correspondence between the presaccadic
and the postsaccadic object was broken with two
different manipulations: “rst, by introducing a blank
screen after eye landing and before onset of the
postsaccadic object (see Deubel & Schneider, 1994;
Deubel et al., 1996) and, second, by a large change of
the luminance and the contrast polarity of the object
during the saccade (see Tas et al., 2012). In both cases,
recognition of the postsaccadic letter was deteriorated.
This shows that breaking transsaccadic object corre-
spondence impairs postsaccadic object recognition.
Two explanations of this effect rely on the idea that the
presaccadic and postsaccadic object are represented
separately if object correspondence is broken. First, the
theory of Task-dRiven visual Attention and working
Memory (TRAM; Schneider, 2013) proposes that
broken object correspondence (object continuity)
across “xations results in two different object repre-
sentations. Limited attentional resources must be split
between the two representations, cutting the resources
available to each individual object representation. This
loss of attentional resources per object explains the
deteriorated recognition of the postsaccadic object.
Second, the creation of a separate postsaccadic
representation in addition to the presaccadic one may
delay (or hinder) processing of the postsaccadic object.
Because the postsaccadic object was terminated by a
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mask, this delay would have become manifest in
deteriorated recognition of the object (Poth et al.,
2015).

Postsaccadic object recognition depends on trans-
saccadic object correspondence (Poth et aR015), but
the mechanisms underlying this effect remain elusive.
To shed light on these mechanisms, it is important to
clarify which object features contribute to the test for
object correspondence. Two classes of features are
distinguished in the literature on object correspondence
across occlusion (Hollingworth & Franconeri, 2009)
and movement (Kahneman, Treisman, & Gibbs, 1992;
Mitroff & Alvarez, 2007): spatiotemporal and surface
features. Classical theories proposed that object corre-
spondence was established solely (Kahneman et al.,
1992) or primarily (Flombaum, Scholl, & Santos, 2009;
Scholl, 2007) on the basis of spatiotemporal features. In
stark contrast, however, more recent research revealed
that object correspondence across occlusion can also be
established based on surface features (such as color
and/or luminance), even when it con”icts with the
spatiotemporal feature location (Hollingworth &
Franconeri, 2009). Along the same lines, object
correspondence across saccades seems to rely on both
spatiotemporal (Demeyer, De Graef, Wagemans, &
Verfaillie, 2010; Deubel, Bridgeman, & Schneider,
1998; Deubel et al., 1996; Deubel et al., 2002) and
surface features (Tas et al., 2012). As explained above,
there is “rst evidence (Poth et al., 2015) that
postsaccadic object recognition is deteriorated both
when transsaccadic object correspondence is broken by
blanking, which is a violation of spatiotemporal
correspondence, and by introducing large changes of
luminance and contrast polarity, which is a strong
violation of surface feature correspondence. Critically,
however, it remains to be clari“ed whether this holds
also for surface features other than luminance and
contrast polarity and less intense feature changes.

The surface feature of color is generally considered
vital for human vision (e.g., Gegenfurtner & Kiper,
2003; Moutoussis, 2015), but it is unknown whether
color is used for establishing object correspondence
across saccades. Changing the apparent color of an
object is a common manipulation to study how surface
features contribute to object correspondence across
occlusion (Hollingworth & Franconeri, 2009) and
movement (Kahneman et al., 1992; Mitroff & Alvarez,
2007). However, such changes of apparent color may
coincide with changes in luminance and contrast
polarity (e.g., Mitroff & Alvarez, 2007), as these surface
features are usually not distinguished from color.
Therefore, the role of color for object correspondence
across occlusion and movement remains unclear. The
role of color may even be less clear for object
correspondence across saccades. On the one hand, the
color of a given object is represented with much lower
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quality in the visual periphery than in the fovea (e.qg.,
Hibino, 1992; Johnson, 1986; Livingstone & Hubel,
1987; Nagy & Wolf, 1993). Thus, if color was used to
establish transsaccadic object correspondence, the
natural differences between an objectes peripheral
presaccadic and its foveal postsaccadic color could
erroneously break object correspondence. This would
impair postsaccadic object recognition (Poth et al.,
2015). One may therefore hypothesize that trans-
saccadic color changes are ignored. On the other hand,
there is evidence that at least large changes in apparent
color, which may include changes in luminance, can
break transsaccadic object correspondence and per-
ceived visual stability (Tas, 2015; cf. Hollingworth et
al., 2008, for evidence from corrective saccades).

Here, we investigated whether breaking object
correspondence across the saccade by changing the
surface feature of color impairs postsaccadic object
recognition. To retain the link to previous studies of
object correspondence, we examined the effects of
changes in apparent color (color, luminance, and
contrast polarity) on transsaccadic object correspon-
dence (Experiment A). In addition, we examined the
effects of changes between approximately equiluminant
colors on transsaccadic object correspondence (Exper-
iment B). Both experiments employed the experimental
paradigm by Poth et al. 015; Experiment 2).
Participants made saccades to a peripheral object, a
letter was shown in this object after eye landing, and
the letter presentation was terminated by a pattern
mask. Participantse task was to report the identity of
the postsaccadic letter. Transsaccadic object corre-
spondence was manipulated in two conditions: The
surface features of the object either stayed the same
across the saccade (no-change condition) or they were
changed during the saccade (change condition). Ex-
periment A used the opponent colors green and red as
surface features, each coinciding with a different
physical luminance and contrast polarity. Experiment
B used the colors blue and yellow with approximately
the same luminance and contrast polarity. If breaking
transsaccadic object correspondence by changing these
surface features impairs postsaccadic object recogni-
tion, then letter report performance should be lower in
the change compared with the no-change conditions of
both experiments.

Participants

Ten participants took part in Experiment A. They
were between 20 and 30 years oldMD ¥425 years), “ve
were male, and “ve female. Ten different participants
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performed Experiment B. Their ages ranged from 21 to
26 years MD ¥4 23.5 years), and two were male and
eight were female. All participants of both experiments
reported normal color vision and normal or corrected-
to-normal (contact lenses) visual acuity. All partici-
pants were paid and gave written informed consent
before participation, and the experiments were ap-
proved by Bielefeld Universityss ethics committee.

Apparatus and stimuli

Participants performed the experiments in a dimly lit
room. They viewed the 19-inch CRT screen (G90fB,
ViewSonic, Brea, CA) from a distance of 71 cm while
their head position was “xed by forehead and chin
rests. The screen had a resolution of 1,031 768 pixels
(at physical dimensions of 38 27 cm) and a refresh
rate of 100 Hz, and it was controlled by a GeForce GT
640 (NVIDIA, Santa Clara, CA) graphics card. A
video-based desktop-mounted eye tracker sampled
participantse right eyes at 1000 Hz (Eyelink 1000, SR
Research, Mississauga, Ontario, Canada). The eye
tracker was calibrated using a nine-point grid proce-
dure. Calibration was performed in the beginning of
the experiment, after training trials, after a pause in
about the middle of the experiment (and after
participants had made 50 “xation or saccade errors in
total). Saccades were detected online using velocity and
acceleration thresholds of 3B (degrees of visual angle)
3 s Yand 9508 3 s 2. Responses were collected using a
standard QWERTZ computer keyboard. The experi-
ment was programmed using the Psychophysics tool-
box (3.0.12; Brainard,1997; Kleiner, Brainard, & Pelli,
2007; Pelli, 1997) and Eyelink toolbox (3.0.12; Corne-
lissen, Peters, & Palmer, 2002) extensions for MAT-
LAB (R2014b; The MathWorks, Natick, MA).

Color and luminance were measured using an X-Rite
i1 Pro spectrophotometer (Munich, Germany), and
measurements are provided as CIE Lxy coordinates. A
black (L ¥40.228 cd/nf, x ¥40.290, y¥+0.286) square
(0.18 3 0.18 was used as central “xation stimulus. In
Experiment A, saccade target objects were green
90.871 cd/nf, x ¥20.279, y¥.0.591) and red (L¥430.664
cd/m? x ¥40.599, y¥,0.327) ellipses (0.653 1.059.
Note that the objects differed in luminance and
contrast polarity. In Experiment B, saccade target
objects had approximately the same luminance, and
they were blue (L%:37.113 cd/nf; x ¥40.194; y¥40.143)
and yellow (L ¥236.887 cd/nf; x ¥40.415; y¥40.479).
Letters (ABDEFGHIJKLMNOPRSTVXZ; 0.32 83
0.48 and special characters%#8%; 0.48 3 0.4 were
written in Arial font and matched the gray background
(L ¥447.687 cd/nf; x ¥20.283, y¥40.291) in both
experiments. In each experiment, 99 pattern masks
were algorithmically produced for each individual
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Figure 1. (a) Schematic illustration of the experimental paradigm. Participants fixated a central fixation stimulus, which was followe
by an elliptic saccade target object, displaying one of two surface features (green and red with different luminances in Experiment A
blue and yellow with approximately the same luminance in Experiment B). This object appeared in the periphery and contained ar
irrelevant special character. Participants made a saccade to the object. In the no-change condition, the object displayed the sam
surface feature after the saccade. In the change condition, the postsaccadic object displayed different surface features than the

presaccadic one. In both conditions, the postsaccadic object contained a letter and was terminated by a pattern mask. Participant
reported the identity of the letter. Special characters, letters, and the background were gray (here drawn in black and white for better

visibility). (b) Employed surface features and experimental conditions of Experiment A and Experiment B.

participant and for both colors. A large number of
masks was used to minimize adaptation to them. The
masks consisted of colored squares 83 28, “lled with
nine black letters that were drawn randomly without
replacement from the set of letters. The nine letters
were mirror reversed and upside down and overlapped
partially, and all letters together covered an area of
about 18 3 18within a square.

Procedure and design

Figure laillustrates the experimental paradigm,
which is based on the paradigm by Poth et al. (2015).
The participant pressed the space bar to start a trial. A
central “xation stimulus was shown, and the partici-
pant “xated it for a random interval between 500 and
1000 ms. Next, an elliptic saccade target object
appeared 8horizontally from screen center. Whether
the object appeared to the left or right of screen center
was randomized across trials, whereby each side
occurred equally often for each of the postsaccadic
surface features and each condition. The object
contained an irrelevant special character, which was
randomly drawn from the set of special characters, and
it was presented until the participant made a saccade to
it. Figure 1b illustrates the surface features and
experimental conditions of both experiments. In
Experiment A, the presaccadic object was either green
or red (coincident with different luminances and
contrast polarities), and in Experiment B, it was either
blue or yellow (with approximately the same lumi-
nances and contrast polarities). These surface features
were randomized across trials, each occurring equally

often in each condition. The postsaccadic object
contained a letter that was randomly drawn from the
set of letters and was shown during the saccade (on the
next screen refresh after detection of saccade onset).
The presaccadic and the postsaccadic object had the
same surface features in the no-change condition and
different surface features in the change condition. Thus,
in the change condition of Experiment A, green objects
changed into red ones and vice versa. In the change
condition of Experiment B, blue objects changed into
yellow ones and vice versa. After the postsaccadic
object, a pattern mask of the same surface feature was
presented. This mask was shown two or three screen
refreshes (frames) after the online detection of saccade
end (and its registration by the experimental software),
so that the postsaccadic object was visible after the
saccade end detection for 31 ms on averag8D %3
ms). The mask was randomly drawn from the set of
produced masks and was shown for 300 ms. It was
followed by a blank screen, and participants reported
the identity of the letter using the keyboard. There was
no time limit for the report. The next trial could be
started after an intertrial interval of 100 ms. Partici-
pants did not receive any instructions regarding the
surface features or changes.

Participants performed 64 trials of each condition in
randomized order. Trials were aborted and repeated on
a randomly selected subsequent trial if observers did
not “xate the central “xation cross or missed the
saccade target object by more than 2&In Experiment
A, 24.3% of the trials were repeated, in Experiment B
31.11%. Participants performed 32 training trials before
each experiment.
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Letter report

performance Saccade  Saccade

(proportion  latency landing error
correct) (ms) (distance ing
Experiment A
No-change, green  0.96 (0.08) 149 (12) 0.80 (0.13)
No-change, red 0.83 (0.20) 153 (12) 0.74(0.13)
Change, green 0.86 (0.16) 153 (12) 0.74 (0.16)
Change, red 0.60 (0.27) 148 (10) 0.76 (0.19)
Experiment B
No-change, blue 0.80 (0.25) 168 (19) 0.93(0.29)
No-change, yellow 0.72 (0.27) 159 (16) 0.90 (0.25)
Change, blue 0.71 (0.26) 159 (14) 0.88 (0.28)
Change, yellow 0.63 (0.31) 167 (16) 0.91 (0.27)

Table 1. Means of letter report performance, saccade latency,
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Letter report performance in Experiment A

Letter report performance was assessed as the
proportion of correctly reported letters for each
individual participant. Because of the truncated range
proportions take, all analyses were also performed on
acrsine-squareroot-transformed proportions in addi-
tion to original proportions. Both sets of analyses
yielded consistent results, and therefore, only analyses
of original proportions are reported.

Figure 2a depicts the mean proportion of correctly
reported letters across participants of Experiment A.
The effects of condition and postsaccadic surface
features on letter report performance were analyzed
using a 23 2 (no-change vs. chang8 green vs. red)
repeated-measures analysis of variance (ANOVA; with
type Ill sums of squares andg2 as effect size; Bakeman,

and saccade landing errors across participants for Experiment 2005). The ANOVA revealed a signi“‘cant main effect

and B. Values are provided for cells formed by the two

of condition, F(1, 9)%415.607,p¥20.003,g2 % 0.181.

conditions (no-change and change) and the two postsaccadic performance was higher in the no-changeM ¥40.90
surface features (green and red in Experiment A, and blue andg 1,0.13) compared with the change condition! 1’/4

yellow in Experiment B). Standard deviations are in parenthe-
ses.

Results and discussion

Trials were excluded from analysis if saccade latency
(the time from onset of the saccade target object until
saccade onset detection) was less than 100 ms
(anticipatory saccades) or greater than 400 ms. Two
trials were excluded from Experiment A and four trials
from Experiment B. Table 1 provides descriptive
statistics of all dependent variables in both experi-
ments.

0.73,SD ¥0.19). Thus, breaking transsaccadic object
correspondence by changing the combination of the
surface features color, luminance, and contrast polarity
impaired recognition of the postsaccadic letter. As
argued previously (Poth et al., 2015), one might suspect
that the change of the special character in the
presaccadic object into the letter in the postsaccadic
object also broke transsaccadic object correspondence.
It is important, however, that even if this were the case,
the present results would still demonstrate an effect of
breaking object correspondence by changing color,
luminance, and contrast polarity in addition to the
possible effect of changing the presaccadic special
character.

Figure 2. Letter report performance. Depicted are mean proportions of correct letter reports in the two conditions (change vs. no
change) and for both postsaccadic surface features (green and red in Experiment A, blue and yellow in Experiment B). Error-bar
indicate6 1 standard error of the mean for within-subjects designs (Loftus & Mas$8®4); the dashed line indicates chance level.

(a) Experiment A. (b) Experiment B.



Journal of Visi¢2016) 16(11):1, 1-12

There was also a signi“cant main effect of post-
saccadic surface featureB(1, 9)%12.751,p%0.006,0%

%,0.227, showing that performance was higher for green

(M %0.91,SD ¥ 10.10) than for red M ¥ 0.72,SD Y4
0.22) postsaccadic objects. Postsaccadic object color,
luminance, and contrast polarity may have affected the
visibility and hence recognition of the postsaccadic
letter (as has been shown for luminance contrast by
Petersen & Andersen2012). The interaction between
the two factors was signi“cant as well F(1, 9)¥49.895,p

¥,0.012,g% ¥0.028. Speci“cally, the difference between

performance in the no-change compared with the

change condition was smaller for the green postsacca-

dic objects M ¥ 0.11, SD ¥ 0.14) compared with the
red ones M %0.23,SD ¥4 0.16).

Saccade latencies and landing errors in Experiment A

Saccade latencies were assessed as each participante
mean interval (in ms) between the onset of the saccade

target object and detection of the saccade. Table 1
provides descriptive statistics for saccade latencies in
the two conditions in conjunction with the postsaccadic

surface features. Saccade latency was affected neither

by condition, F(1, 9)%.0.067,p%0.801,g4, 0.001, nor
by postsaccadic surface features;(1, 9)%0.214,p %
0.655,g§3 , 0.001. However, there was a disordinal
interaction between the two factors,F(1, 9)¥21.152,p
¥,0.001, g2 % 0.036. Note that this interaction effect
corresponds to a main effect of presaccadic surface

features if the presaccadic rather than the postsaccadic

surface features entered the ANOVA as second factor

besides condition. Saccade latencies were shorter when

presaccadic objects were gree(%2148 ms;SD %211
ms) rather than red M %153 ms;SD ¥4 12 ms). This
may indicate that green saccade target objects were
perceptually more salient, which implies they were
easier to detect and localize than red ones, leading to
faster saccades for the former compared with the latter.

Saccade landing errors were assessed as each
participantes mean Euclidian distance (ir§ between
saccade landing sites and saccade target objects (i.e.,
the center coordinates of these objects). Neither
condition, F(1, 9)%.0.362,p%40.562,92 ¥ 0.003, nor
postsaccadic surface features;(1, 9)%1.399,p%40.267,
g2 ¥20.007, nor the interaction between the two factors,
F(1, 9)%.2.346,p ¥ 0.160,g% ¥40.015, had signi“cant
effects on saccade landing errors.

Letter report performance in Experiment B
As for Experiment A, letter report performance was
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because both sets of analyses delivered consistent
results.

Figure 2b depicts the mean proportion of correctly
reported letters across participants of Experiment B.
The ANOVA showed a signi“cant main effect of
condition, F(1, 9)%13.514,p ¥ 0.005,g2 ¥20.031.
Thereby, performance was higher in the no-changeV(

%40.76; SD ¥4 0.26) than in the change condition M Y4

0.67; SD %, 0.28). This indicates that breaking trans-
saccadic object correspondence by changing between
the approximately equiluminant object colors impaired
recognition of the postsaccadic letter.

There was also a signi“cant main effect of post-
saccadic color,F(1, 9)1/47.902,p1/40.020,9(23 1,0.023,
whereby letter report performance was higher for blue
(M %0.75; SD ¥4 0.25) than for yellow postsaccadic
objects M ¥ 0.67;SD ¥ 0.29). This may suggest that
the postsaccadic color affected the visibility and

Jecognition of the letter. The interaction between

condition and postsaccadic color was not signi“cant,
F(1, 9)%0.013,p%0.912,g% , 0.001.

Saccade latencies and landing errors in Experiment B
Saccade latency was unaffected by conditior(1, 9)

¥,0.079,p%.0.785,g3 , 0.001, and postsaccadic color,

F(1, 9)1/40.026,p1/40.876,9(23 , 0.001. However, there
was an interaction between these two factors;(1, 9)%a
45.035,p, 0.001,gé 40.067. This interaction effect
corresponds to a main effect of presaccadic color if this
was included in the ANOVA instead of the postsacca-
dic color. Saccades were faster when presaccadic
objects were yellow M %2159 ms;SD ¥ 15 ms) rather
than blue (M %167 ms;SD %17 ms). This effect may be
due to a higher perceptual saliency of the yellow
compared with the blue objects, which may have sped
up the detection and localization of saccade target
objects (see Experiment A).

Saccade landing errors were neither affected by
condition, F(1, 9)%0.377,p%.0.554,92 ¥20.001, nor by
postsaccadic color,F(1, 9), 0.001,p%.0.987,02% ,
0.001, nor by the interaction of the two factorsF(1, 9)%
0.949,p ¥4 0.355,92 %2 0.003.

We tested the hypothesis that breaking object
correspondence across the saccade by changing surface
features impairs postsaccadic object recognition. The
results of two experiments support this hypothesis.
Experiment A revealed that transsaccadic changes

analyzed based on the original and the arcsine-square- between the combined surface features color, lumi-

root-transformed proportions of correct reports. Only
the analyses of the original proportions are reported

nance, and contrast polarity deteriorate postsaccadic
object recognition. Experiment B yielded similar
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“ndings for colors of approximately the same physical
luminance and the same contrast polarity. Together,
the results indicate that postsaccadic object recognition
depends on mechanisms establishing transsaccadic
object correspondence on the basis of these surface
features. Although it has been shown before that
luminance and contrast polarity contribute to trans-
saccadic object correspondence, the effects of color
with approximate equiluminance may be surprising.
That is, the presaccadic peripheral and the postsaccadic
foveal retinal images of an object provide color
information of substantially different quality (e.g.,
Hibino, 1992; Johnson, 1986; Nagy & Wolf, 1993; and
possibly perceived luminance, Livingstone & Hubel,
1987). Therefore, color might not be an ideal feature
for establishing object correspondence across the
saccade. Nevertheless, color seems to be used for this
purpose in concert with luminance and contrast
polarity, together paving the way for object recogni-
tion.

Hitherto, the dependency of postsaccadic object
recognition on transsaccadic object correspondence has
only been studied using two correspondence-breaking
manipulations: blanking and changing the contrast
polarity of achromatic objects, which coincided with
large luminance changes (Poth et al2015). The present
“ndings extend these results to chromatic objects. In
Experiment A, transsaccadic object correspondence
was broken by changing between colors with different
physical luminances and contrast polarities. Experi-
ment B replicated the results using colored objects of
about the same physical luminance. The perceived
luminance of a given color differs at different retinal
locations (and this might depend on individual
participants; Livingstone & Hubel, 1987), so that
saccades might always imply a change of an objectes
perceived luminance. Consequently, transsaccadic
changes of object color may change perceived lumi-
nance, even for physically equiluminant objects. This
means that perceived luminance could still have
contributed to the effect of Experiment B. Hence, this
effect may either be due to changes of the objectes
chromaticity and/or the associated luminance changes.
In either way, this demonstrates that the changes are
not ignored when transsaccadic object correspondence
is determined, so that they affect postsaccadic object
recognition. The present “ndings indicate that post-
saccadic object recognition depends on mechanisms of
transsaccadic object correspondence that use informa-
tion from surface features in general or at least from the
surface features of contrast polarity and luminance and
of color, whereby the latter might inherently include a
contribution of luminance. As such, these “ndings
con’ict with the view that transsaccadic object
correspondence relies exclusively on spatiotemporal
features (Kahneman et al., 1992; with respect to effects
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on postsaccadic object recognition). In sum, our
experiments demonstrated that postsaccadic object
recognition is deteriorated when transsaccadic object
correspondence is broken by changes of spatiotemporal
features (blanking) and of surface features such as
contrast polarity and luminance (Poth et al., 2015),
combined color, luminance, and contrast polarity
(Experiment A) and of color (Experiment B).

Presaccadic and postsaccadic objects are assumed to
be represented as separate entities if transsaccadic
object correspondence is broken (e.g., Tas et aR012;
see also Deubel et al., 1996; Schneider, 2013).
Consequently, the deteriorated object recognition can
be interpreted in at least two ways, which need not be
mutually exclusive. First, creating a separate represen-
tation for the postsaccadic object may delay or hinder
processing of this object. Recognition of this object
would then be deteriorated, especially if the object is
terminated by a mask (Poth et al., 2015). Second,
having separate representations of the presaccadic and
the postsaccadic object may introduce attentional
competition between them (Schneider, 2013). That is,
limited attentional resources are split between the two
representations. Fewer resources are available for
processing each individual object representation, which
then deteriorates object recognition (Bundesen, 1990;
Desimone & Duncan, 1995). We assessed postsaccadic
object recognition as performance in reporting a letter,
which participants viewed after the saccade in the
saccade target object. The letter should have been
processed as part of the surface of this object, so that
letter report performance re”ects recognition of this
object (cf. Henderson & Anes, 1994; Kahneman et al.,
1992; Mitroff & Alvarez, 2007). However, it might be
possible that the letter has been processed as a separate
object. Letter report performance would then re”ect
recognition of a newly appearing object at the spatial
location of the saccade target object rather than
recognition of this object itself. This would still be in
line with the two explanations, following the assump-
tion of competitive object recognition (e.g., Bundesen,
Habekost, & Kyllingsbaek, 2005; Desimone & Duncan,
1995). Either the creation of a representation for the
letter at this very location would be delayed or it would
suffer from greater attentional competition if trans-
saccadic object correspondence was broken and led to
two rather than one representation of the saccade
target object.

The present “ndings argue that the surface features
of combined color, luminance, and contrast polarity, as
well as color alone, are used by object correspondence
mechanisms, which track objects across saccade-
induced shifts of retinal images. Moreover, they argue
that these object correspondence mechanisms affect
mechanisms of object recognition. Based on TRAM
(Schneider,2013), we suggest that this may be due to an
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interface between the two sets of mechanisms, which is
provided by visual attention (see also Poth et al., 2015).
We elaborate this hypothesis in the following.

Which mechanism tracks objects across the saccade-
induced changes of retinal images? The tracking of
object locations across saccades may be accomplished
by retinotopically organized brain areas (as, e.g.,
monkeyse lateral intraparietal area, Duhamel, Colby, &
Goldberg, 1992; superior colliculus, Walker, Fitzgib-
bon, & Goldberg, 1995; and frontal eye “elds, Umeno
& Goldberg, 1997). Shortly before a saccade, neurons
in these areas respond to stimuli at the locations where
their receptive “elds (the retinal regions from which
they receive information) will be after the saccade. This
has been interpreted as gredictive remappingf the
neuronse receptive “elds to these locations (Duhamel et
al., 1992; but see Zirnsak, Steinmetz, Noudoost, Xu, &
Moore, 2014). The necessary information about the
amplitude and direction of the saccade seems to come
from a corollary discharge (efference copy) of the
motor signals eliciting the saccade (Sommer & Wurtz,
2006). When the receptive “eld of a neuron is
predictively remapped, the neuron responds to a
particular object before the saccade. The following
saccade-induced shift of the neurones receptive “eld
makes the neuron respond to the same object again
after the saccade. An additional process comparing the
presaccadic and postsaccadic activity of such neurons
might then allow one to infer the presence of an object
before and after the saccade. Therefore, such a
comparison has been hypothesized to underlie the
perception of visual stability of object locations across
saccades (Cavanaugh, Berman, Joiner, & Wurtz, 2016;
Duhamel et al., 1992; Wurtz et al., 2011). The
comparison may be part of the neuronal implementa-
tion of the test for transsaccadic object correspondence,
the test that is assumed to govern visual stability (Poth
et al., 2015; Tas et al., 2012). One problem remains,
however. The comparison provides information about
whether an object is present at a given location before
and after the saccade. It does not provide information
about the (surface) features of the object (e.g.,
Cavanagh, Hunt, Afraz, & Rolfs, 2010). Surface
features clearly contribute to visual stability (Tas, 2015;
Tas et al., 2012), which argues that the test for
transsaccadic object correspondence cannot be accom-
plished based on the described comparison alone. A
potential solution to this problem is provided by
TRAM (Schneider, 2013).

TRAM proposes a mechanism that tests for object
correspondence (object continuity) across interruptions
of visual input in between “xations (as due to the
suppression of input during saccades, e.g., Krock &
Moore, 2014) and across changes of visual objects
within a “xation. Critically, this test for object
correspondence allows us to take into account the
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(surface) features of objects. Correspondence between
objects of successive “xations should be tested on the
basis of the objectse attentional weights (Schneider,
2013). The concept of attentional weight comes from
Bundesenes (1990) theory of visual attention. The
attentional weight of an object indicates its current
relevance in a spatially organized fashion. It is
computed as the sum of the sensory evidences that the
object has certain features, whereby the sensory
evidence for each feature is weighted by the current
relevance of this feature. According to TRAM, the
attentional weight that an object will have after the
saccade should be predicted before the saccade is
executed. This counteracts the changes of attentional
weights due to predictable changes of sensory evidence,
for example, due to saccade-induced shifts of retinal
images of objects, which change their resolution (cf.
Herwig & Schneider, 2014). After the saccade, the
predicted attentional weight is compared with the
current attentional weight of the object. The test for
object correspondence is positive if the two agree and
negative if they disagree. Evidence that prediction
affects attentional weights has been provided recently
(Poth, Petersen, Bundesen, & Schneider, 2014). In this
study, participants increased the attentional weight of
an object that was monitored for a luminance change in
order to compensate for a low predicted (expected)
salience of this change.

Attentional weights are proposed to be implemented
in priority maps (Bundesen et al.,2005): spatially
organized (retinotopic) brain areas whose neurons seem
to code for the relevance and physical salience of
objects (Bisley & Goldberg, 2010; Fecteau & Munoz,
2006; Zelinsky & Bisley, 2015). Interestingly, the brain
areas supposed to contain priority maps are among the
ones whose neurons seem to predictively remap their
receptive “elds before saccades (e.g., monkeyse lateral
intraparietal area, Duhamel et al., 1992; superior
colliculus, Walker et al., 1995; frontal eye “elds,
Umeno & Goldberg, 1997; note that some extrastriate
areas show remapping as well, Nakamura & Colby,
2002). Extending TRAM (Schneider, 2013), we there-
fore hypothesize that predictive remapping contributes
to the prediction of attentional weights.

Now that we have sketched a mechanism using
attentional weights to test for transsaccadic object
correspondence, we can ask how transsaccadic object
correspondence is linked to the object recognition
system. An answer to this question may reside in the
attentional weights as well. In fact, attentional weights
have originally been introduced to explain how relevant
objects are selected for object recognition at the
expense of irrelevant ones (Bundesei990). To be
recognized, an object has to be processed with enough
processing resources, which might mean by enough
neurons (Bundesen et al., 2005; to eventually enter
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visual working memory where recognition is complete
and report possible). Attentional weights control the
allocation of processing resources to objects; each
object is assumed to receive processing resources in
proportion to its attentional weight relative to the
summed attentional weights of all objects in the visual
“eld. More neurons are allocated to relevant than
irrelevant objects by virtue of a gating mechanism:
Gates in between the lower and higher cortical levels of
the ventral object recognition pathway are opened and
closed so that the receptive “elds of neurons are
dynamically remappedo locations of relevant objects
(Bundesen et al., 2005; Desimone & Duncan, 1995).
Importantly, which gates are opened and which are
closed is determined by the attentional weights from
spatially organized priority maps (Bundesen et al.,
2005).

Taken together, following TRAM (Schneider, 2013;
see also Poth et al., 2015), transsaccadic object
correspondence and object recognition should be
linked by attentional weights. In this view, postsaccadic
object recognition may be impaired because of broken
transsaccadic object correspondence for (at least) two
reasons. First, a negative test for object correspondence
means that an objectes predicted attentional weight and
its actual postsaccadic attentional weight mismatch.
Therefore, after the saccade, there are two discrepant
attentional weights present. Postsaccadic object recog-
nition may be impaired because the postsaccadic object
is allocated neuronal processing resources according to
its attentional weight divided by the sum of the two
present attentional weights. In contrast, if the test for
object correspondence is positive, this means that the
objectes predicted and postsaccadic attentional weight
match. In this case, there is only one postsaccadic
attentional weight. Hence, the postsaccadic object is
allocated all available neuronal processing resources
(i.e., according to its attentional weight divided by only
itself). Compared with the situation of a negative test
for object correspondence, the object receives more
processing resources, which consequently improves
object recognition. In addition, the state of the gates in
the ventral object recognition pathway that is dictated
by the predicted postsaccadic attentional weight is then
the same as the one dictated by the actual postsaccadic
attentional weight. This may provide a basis for
transsaccadic updating processes (cf. Demeyer et al.,
2009; Henderson & Anes, 1994; and transsaccadic
integration, Ganmor, Landy, & Simoncelli, 2015;
Herwig, 2015; Wolf & Schitz, 2015; but see Witten-
berg, Bremmer, & Wachtler, 2008). The lower- or mid-
level (surface) features of the postsaccadic object may
be routed to presaccadically created object representa-
tions through a consistent state of gates (cf. Poth et al.,
2015). As a consequence, representations from the
presaccadic and postsaccadic retinal images of objects
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are combined within a common postsaccadic object
representation. This leads to the second reason why
breaking transsaccadic object correspondence affects
postsaccadic object recognition. We suggest that
combining presaccadic and postsaccadic representa-
tions may provide computational savings: The pro-
cessing of the object in question that started before the
saccade can be continued after the saccade. In contrast,
if object correspondence is broken and updating is
blocked, then processing of the postsaccadic object
might have to start completely anew. As a consequence,
object recognition might be delayed, leading to
performance decrements (especially when postsaccadic
objects are terminated by masks; Poth et al., 2015).

In sum, extending TRAM (Schneider,2013), we
hypothesize that the dynamic remapping of receptive
“elds in the ventral stream for object recognition (for
reviews, see Bundesen et al., 2005; Desimone &
Duncan, 1995) and the predictive remapping of
receptive “elds in dorsal and frontal areas (for a
review, see Wurtz et al., 2011) is accomplished by
common attentional weights. In this vein, attentional
weights allow us to keep track of objects across
saccades, they establish correspondence between
presaccadic and postsaccadic objects, and they dis-
tribute neuronal resources across these objects for
object recognition.

Conclusion

The present study investigated whether breaking
object correspondence across the saccade by changing
the surface features of combined color, luminance, and
contrast polarity and the surface feature of color impair
postsaccadic object recognition. The “ndings from two
experiments indicate that this is the case. As such, they
provide new evidence for an interface between mech-
anisms of transsaccadic object correspondence relying
on surface features and mechanisms of object recogni-
tion. Based on the TRAM theory (Schneider,2013), we
propose that this interface is provided by visual
attention.

Keywords: saccadic eye movements, visual attention,
visual stability, object recognition, transsaccadic memory
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ATTENTIONAL COMPETITION ACROSS EYE MOVEMENTS 2

Abstract
Human behavior is guided bysual object recagjtion. For being recognized, objects
compete for limited attentional processing resources. The more ofpacpete thelower is
HDF K R BrbtesEiNg ggeetiere, we ask whether this competition is confined to eye
fixations, period®f relatively stableyaze, or whether it extends from one fixation to the next,
acrosghe saccadic eye movemerfarticipants made saccadesa peripheral saccade target.
Theyreported a letter that watiown after the saccade within the saccade targefor
different durationsrhaskterminate(l. Processing speed of thistter was measured by
modelingreport performance as a function of letter duratitherno, two, or four additional
nontarget objectaippearedbefore the saccaden Experiment 1lpresaccadic netargets were
taskirrelevant and had no effects postsaccadic processing spekdExperiment 2,
presaccadic noetargets were taskelevant becauggarticipants matched them against a probe
at trial endHere,postsaccadiprocessing sged decreased with increasing number of
presaccadic noetargets.These findings showhatobjects compete for recognition across
saccades, but only if they are tagkevant.Thisreveat an attentionamechanism of task
drivenobject ecognition that ignterlacedwith active saccadmediated visior{Schneider,

2013; Poth, Herwig, & Schneider, 2015).
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Attentional Competition across Saccadic Eye Movements
Human goaldirected behavior heavily relies on the ability to recognizeatbja the

environmentisually. The capacity for visuabbject recognitionhoweverjs severelylimited

(for reviews, see Bundesen, Vangkilde, & Petersen, 2015; Duncan, 2006; Schneider, 1995)

Objects in the visualdld must compete for limited attentiommsduronalprocessing resources
(Desimone & Duncan, 1995)he more resources are allocated to an object, the faster it is
processe@Bundesen, 1990Yisual attention biases tmesource allocation so that currently
important objects receive more resces than umportant one¢éBundesen, 1990; Bundesen,
Habekost, & Kyllingsbaek, 20057 his directly impacts on object recogniti@nly thefirst
few objectsof a multtobject scenavhose processing had be@nshed areencoded into a
limited-capacity visual workingnemory(VWM, also called visual sheterm memory;
Bundesen, 1990; Bundesen et al., 2005, p0Qfce this has happendbe objets have been
recognized and become availafide report and action (Bundesen, 1990; Schneider, 2013)
Importantly, themoreequally relevanobjects are present in the visual field, the smaller is
their share of neuronal resources and the slovecthay processed (Bundesen, 1990;
Bundesen et al., 2005hus, visual object recognitiancreasinglysuffers fromattentional
conpetition between objects as more and nuljects enter the visual fie{@esimone &
Duncan, 1995)

There is extensivevidence that objects compébe object recognitiorwithin eye
fixations(e.g.,Duncan, 2006Poth, Petersen, Bundesen, & Schneidéi4; Shibuya &
Bundesen, 1988; Vangkilde, Bundesen, & Coull, 20Whjch arethe periods irwhich the
eyes remain relatively stab(Eindlay & Gilchrist, 2003; Land & Tatler, 201L(lowever, a
fundamental h&inark of human vision is therelmeglected: ta active sampling of the visual
environment usingapid saccadic eye movemer({tsr recent reviews, see Gegenfurtner,
2016; Rolfs, 2015; Schitz, Braun, & Gegenfurtner, 20¥i5ual acuity is highest only at the

center of gaze, which falen the central RY HD R | SNdihb(d4d\ [CGwey & Rolls, 1974;
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Curcio & Allen, 1990. Therefore, humans makaccadic eye movemeritsat move the
fovea from one object to the nexg that the object is sampled in detaithe next fixation

(e.q., Findlay &Gilchrist, 2003; Land & atler, 2010. It is unclea whether attentional

competition between objects is constrained to a given eye fixation, or whether objects from

one fixation can compete with atitusimpair the processingf objects inthe next fixation.

One may hypothesize that there issaghtranssaccadiattentionalcompetition and

assume that successive eye fixations are entirely distinct visual processing episodes. This

visual separation hypothedigs intutive appeal, because the retinal image is blurred and
visual information uptake is suppressed during saccadesh indeed separates dination
from the nex{Krock & Moore, 2014; Wurtz, 2008 Moreover,only a limited number of
objects shown beforesac@adecan be reportedfter the saccada accordance with spatial
cue(lrwin, 1992; Irwin & Gordon, 1998)This has ledo the proposal that onthoseobjects
survive the saccade that are represented in lircipacity VWM(or a similar transsaccadi
memory respectively, for reviews, séevin, 1996; Mathot & Theeuwes, 20LThe
competition between objects takes place before their encoding into,\&dvmust hence
rely on object representationseated prior t&/ WM encoding(Bundesen, 199@undesen et
al., 2005) Therefore, fionly representations in VWM survive the saccade, the competing
representations outside VWM should be lost across the saccade, so that there is no
transsaccadic competition.

Whatargues against the visual separation loyipesis is evidence that visudidject
informationoutside VWM patrtially persists acroge saccade (Irwin, 1992; Irwin, Brown, &
Sun, 1988)This persistence may be largddpund totheretinal locatios of objects (Irwin et
al., 1988) which arenoved bythe saccadéHowever, lecausehe competition for object
recognition concerns all visually available objects in the visual flethdesen, 1990r at

least greaparts thereof, Bundesen et al., 2005; Desimomzu&can, 1995)this persisting

objed informationmay compete with the actual objects in the next fixation. As a result, object
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98 recognition in the next fixation should suffer per se from the object available in the previous
99 fixation.
100 Furthermore, it has been suggested that the competition fat obp@gnition can
101 extend across changes and interruptions of visual input, such as those imposed by saccades,
102 but only if the objects are relevant to thektat hand (Schneider, 2013his taskdriven
103 competition hypothesitV GLUHFWO\ EDVHG RQ 6F RRskdRivéhWi§ual WK
104 Attention and workingemory (TRAM)’. According toTRAM, objects from the previous
105 fixation that are taskelevant but have not been fully processed will be encapsulated,
106 protected agast being wipeebut by the saccade, and enter the competition for object
107 recognitionin the net fixation. As a result, object recognition in this fixation should suffer
108 from all taskrelevant objects of the previous fixation (except for those for which
109 corespondence between the fixations can be establisbedlso Poth, Herwig, & Schneider,
110 2015; Poth & Schneider, 2016b
111 Here, we investigated the question of whether objects compete for object recognition
112 across saccadic eye movements. In two experimegatscipants made saccades to peripheral
113 saccade target objects and then reported a letter that became visible within these objects after
114  the saccade. THetter was presented for a numbeddferentduraions and terminated by a
115 mask. We estimated tlspeed with which the letter was processethasateat which letter
116 report performance increasedith increasing presentation duration (Bundesen, 1990, after a
117  minimum presentation duration has been exceed@gprtantly, visual processing speed of
118 thepostsaccadic letter should directly reflect the amount of neuronalgsingeesources it
119 receives (Bundesen et al., 2005)
120 Experimen 1 investigatel whethemrecognition of a postsaccadic object suffers from
121  attentional competition with presaccadic abgper se To this end, th@eripheralsaccade
122 target appeared either alone, or was flanked by two, or four irrelevaitaryzt objects

123  (digits). The nortargets were extinguished as soon as participants made the saaadi. N



124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

ATTENTIONAL COMPETITION ACROSS EYE MOVEMENTS 6

there was nattentionhcompetition across the saccade, as peptbposedrisual separation
hypothesis, then the number of presaccadictaogets should have no effect on the visual
processing speed of the postsaccadic letter. In contrast, if there was attentional competitio
for instance due to lingering presaccadic representations (Irwin et al., 1988; Irwin, 1992), then
visual processing speed should be lower the more presaccaeliargets are presentetb
preview the results, the number of presaccadictaayets had m effect on the visual
processing speed of the postsaccadic letter, supporting the visual separation hypothesis.

Experiment 2 went on ti@st the taskiriven competition hypothesi# investigaed
whether processing speed gb@stsaccadic object suffdrem attentional competition with
presaccadic objects when these are-takkvant. The paradigm was identical to the one of
Experiment 1except that the netargets were now tasielevantbecause thelgad to be
matched against a probe at teald. Theresults of Experiment 2 support the takken
competition hypothesishe more presaccadic noéargets had been shown, the lower was the
speed of processing the postsaccadic lgferssexperiment analyses corroborated that this
effect wasndeedlarge than thenull effectof Experiment 1.

Method

Participants

Nine partici@nts performed Experiment 1. Additional participant was excluded
from analyss due to letter reports at chance lgvdtich preventeditting the datawith the
model below. Participants were between 22 and 30 yearsM € 25 years), three were
male,six female, eight weraght-, onewasleft-handed

Eight different participants performed Experiment 2. An additional participanteabor
the experiment. Participantgere béween 20 and 31 years oD = 23.5 years), three were
male, fivefemale, seven were righbnewasleft-handed.

All participants reported normal or correctidnormal visual acuity and normal color

vision. They gave written informed consent befordipi@ation. The experiments followed
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the ethical guidelines of the German Psychological Association (DGPs) and were approved by
%LHOHIHOG 8QLYHUVLW\YfV HWKLFV FRPPLWWHH
Apparatus and Stimuli

Participants performed the experimginta semilit room. A head and a chirfrest
ensured that they viewed the computer screen (G90fB, ViewSonic, Brea, CA, USA) from a
distance of 71 cm. The screen had a resolution of 1024 x 768 pixels at physical dimensions of
36 x 27 cm, a refresh rate dAHz, and was controlled by a GeForce GTX gréphics
card(driver version 344.48, Nvidia, Santa Clara, CA, USA)ideocbased towemounted
eye tracker (Eglink 1000, SR Research, Ottav@ntario, CA) recorded the behavior of
SDUWLFLSDQ Wa\s§impling tate&/ oHLDBOVHZD Responses were collected using a
standard computer keyboard (with QWERTZ layout).

The luminances ancblors of stimuli were measured using an il PreR(¥, Grand
Rapids, MI, USA and are reported as CIE LxxpordinatesStimuli were showngainst a
gray background (screen center: L = 11.66617, x = 0.294, y = 0.30%veraged across left
and right stimulus locations: L#0.829 x =0.288 y =0.303 $ 3character (0.34x
0.3%4 [degreef visual anglg L = 55.255cd/n?, x = 0.291, y = 0.304was used as central
fixation cross. The saade target was a red circle appeatefgor right of screen centesée
the procedurd, = 29.886¢cd/n?, x = 0.606, y = 0.332neasurementsereaveragedicross
the two locationsas for all stimuli that appeareteft and right of screen cenjeNontargets
werethe digit from 1 to 9 (0.45° x 0.93L = 21.855 cd/rfy x = 0.535, y = 0.327 Letter
stimuli wereuppercase letter®.39° x 0.67°) from the set [ABDEFGHIJKLMNOPRSTVXZ]
writtenin Arial font andin the background grayoreach individual participant, 38attern
masks were algorithmicallgreated (as described in Poth et al., 2015; Po8ti&neider,
2016b by overlayingnineblack (L = 0.139 cd/m x = 0.252, y = 0.355irror-reversed and

upside down letter&rawn randomly without replacement from the letter witt) horizontal
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Zusammenfassung
(German summary)

Menschliches Verhalten basiert zu einem grof3en Teil auf visueller Kognition, der Verarbeitung visueller
Informationen Uber externe Objekte. Zwei Funktionen visueller Kognition scheinen besonders wichtig
fur zielgerichtetes Verhalten. Als erste Funktion ermdglicht es die Objekterkennung, Objekte in der
Umwelt als Mitglieder von Objektkategorien zu identi zieren, so dass sie zur Erfullung von Aufgaben
genutzt werden koénnen. Als zweite Funktion erméglicht es die Kurzzeiterkennung, zu erkennen ob
ein Objekt in der Umgebung kurzlich gesehen wurde. Dadurch erst kann aktuelles Verhalten beztiglich
des Objekts mit friherem Verhalten in Beziehung gesetzt werden. Beide Funktionen teilen eine Ein-
schrankung: Sie mussen Uber distinke Episode visueller Verarbeitung hinweg erfullt werden, die durch
Anderungen der Vearbeitungsanforderungen unterbrochen werden.

Fur die Objekterkennung bergen visuelle Verarbeitungsepisoden das Problamlaldiven Inte-
gration. Es muss entschieden werden, ob Objektinformationen der aktuellen Verarbeitungsepisode die
der Vorherigen erneuern und so mit diesen integriert werden sollen. Alternativ ist auch die getrennte
Reprasentation der Objekte beider Episoden mdglich. Die Entscheidung ist bedeutend. Erneuerung
und Integration sollte eine kumulative und schnelle Objekterkennung ermoglichen. Objektverdnderun-
gen sollten durch Integration jedoch verdeckt werden, da deren Wahrnehmung einen Vergleich zweier
Reprasentationen erfordert, hier jedoch nur eine Reprasentation vorliegt. Eine Trennung von Objek-
treprasentationen birgt zwar Vorteile fur die Veranderungswahrnehmung, sollte die Erkennung von Ob-
jekten jedoch beeintrachtigen. Der Grund daflr ist, dass die Objekterkennung mittels begrenzten Verar-
beitungsressourcen geschieht, die im Falle getrennter Objektreprasentationen auf diese verteilt werder
mussten.

Fur die Kurzzeiterkennung fuhren visuelle Verarbeitungsepisoden zum ebgheichsproblem
Das heil3t, dass ein Objekt der aktuellen Episode (unabhangig von dessen Objektkategorie) mit Reprasen
tationen von Objekten abgeglichen werden muss, die nicht nur der vorherigen, sondern mehrerer kir-
zlich zurtickliegenden Episoden entstammen kdénnen.

Ziel der vorliegenden Dissertation ist es, einen ersten Schritt zum Verstandnis der Mechanismen
zu gehen, die die Probleme l6sen, die sich aus visuellen Verabeitungsepisoden ergeben und somit
Objekt- und Kurzzeiterkennung Uber Episoden hinweg erméglichen. Zu diesem Zweck fuhrten wir
funf empirische Studien zu Fragen durch, deren Klarung zur Entwicklung einer Theorie der Objekt- und
Kurzzeiterkennung erforderlich ist.
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Die ersten drei Studien konzentrierten sich auf Objekterkennung, die tber die visuellen Verar-
beitungsepisoden von Fixationen der Augen hinweg statt ndet. Fixationen bezeichnen Perioden der
visuellen Informationsaufnahme, in denen die Augen relativ stillstehen. Sie werden unterbrochen durch
schnelle sakkadische Augenbewegungen. Sakkaden sind zur Objekterkennung nétig, weil sie die Fovea
im Zentrum der Retina des Auges auf interessierende Objekte richten, damit diese scharf gesehen wer-
den. Bilder von Objekten auf der Retina werden duch Sakkaden verschoben und verandert und die
Aufnahme visueller Informationen wird durch sie unterbrochen. Daher teilen Sakkaden die visuelle Ve-
rarbeitung in Episoden distinkter Fixationen, denen die Mechanismen zur Objekterkennung begegnen
mussen.

In zwei Studien (Poth et al., 2015; Poth & Schneider, 2016a) untersuchten wir, wie das Problem
der selektiven Integration geldst wird, um die Objekterkennung tber aufeinanderfolgende Fixationen
hinweg zu unterstitzen. Genauer untersuchten wir die aktuelle Hypothese, dass das Problem durch
einen Mechanismus gelost wird, der ein Objekt vor und nach der Sakkade auf Korrespondenz (bzw.
Kontinuitat) hin testet (Schneider, 2013). Wird Objektkorrespondenz festgestellt, sollten das pra- und
postsakkadische Objekt in einer gemeinsamen Reprasentation integriert werden. Wird Objektkorre-
spondenz hingegen gebrochen, dann sollten das pra- und postsakkadische Objekt getrennt repraser
tiert werden. Diese Trennung sollte Vergleiche der Objekte ermdglichen und so die Diskrimination
von transsakkadsichen Objektverschiebungen verbessern. Die Objekterkennung sollte jedoch unter det
Trennung leiden, weil dazu nétige begrenzte Verarbeitungsresourcen auf mehrere statt eine Reprasen
tation aufgeteilt werden mussen. Die Ergebnisse beider Studien stiitzten diese Hypothesen. Wurde die
Objektkorrespondenz nach einer Sakkade zum Objekt durch kurzzeitiges Auslassen des Objekts ge-
brochen, verbesserte sich die Diskrimination von Objektverschiebungen, aber verschlechterte sich die
Objekterkennung. Dies zeigt, dass Objektkorrespondenz Uber die Sakkade sich auf die Objekterkennung
nach der Sakkade auswirkt. Weitere Experimente untersuchten die Natur der Objektkorrespondenz. Sie
zeigten, dass eine Beeintrachtigung der Objekterkennung auch dann auftritt, wenn die Objektkorrespon-
denz durch transsakkadische Veranderungen der Kontrastpolaritat (und Luminanz) eines Objekts, dessel
Farbe-und-Luminanz oder dessen Farbe allein gebrochen wurde. Zusammen mit dem erstgenannten Be
fund bedeutet dies, dass die Objektkorrespondenz tber die Sakkade sowohl auf den raumzeitlichen als
auch auf den Ober achenmerkmalen eines Objekts basiert.

In der dritten Studie (Poth & Schneider, 2016b, eingereicht) untersuchten wir nun die Grenzen der
Objekterkennung Uber Sakkaden. Da Objekterkennung begrenzte Verarbeitungsresourcen erfordert,
kann sie zu einer Zeit nur fur wenige Objekte erfolgen. Hier untersuchten wir, ob verschiedene Ob-
jekte Uber Sakkaden hinweg um diese begrenzten Resourcen konkurrieren mussen. In diesem Fall ver-
langsame sich die visuelle Verarbeitung nach der Sakkade mit steigender Anzahl gesehener Objekte vor
der Sakkade. Die Ergebnisse der Studie zeigen, dass Objekte Uber die Sakkade um Verarbeitungsres
sourcen konkurrieren und so die Objekterkennung verlangsamen. Dies geschieht jedoch nur, wenn die
Objekte aufgabenrelevant sind. Diese Ergebnisse stiitzen die Kernvorhersage einer aktuellen Theorie,
namlich, dass die Bedeutsamkeit einer Objektreprasentation dartiber entscheidet, ob sie die Sakkade
Uberdauert und anschliel3end Verarbeitungsressourcen verbraucht (Schneider, 2013).
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Mit der vierten Studie (Poth & Schneider, 2016c¢) wandten wir uns nun von den Verarbeitungsepiso-
den aufeinanderfolgender Fixationen denen zu, die durch erscheinende und verschwindende Objekte
und betreffende Aufgabenanforderungen de niert sind. Hier fragten wir nach der Beziehung zwischen
den Mechanismen, die die Objekt- und die Kurzzeiterkennung leisten. Es wird angenommen, dass die
visuelle Verarbeitung zur Objekterkennung mit der Enkodierung in ein kapazitatsbegrenztes visuelles
Arbeitsgedachtnis endet, durch das Objekte zum Bericht zur Verfligung stehen. Wir untersuchten, ob
die Enkodierung ins visuelle Arbeitsgedachtnis nun nicht nur zur Objekterkennung in dieser sondern
auch zur Kurzzeiterkennung in spateren Verarbeitungsepisoden notig ist. Die Ergebnisse sprachen dafir,
indem sie zeigten dass Objekte, die vermutlich nicht ins Arbeitsgedéchtnis gelangten, spater nicht zur
Kurzzeiterkennung genutzt werden konnten. Dies bedeutet, dass die anfanglichen Schritte visueller Ver-
arbeitung, die vor der Enkodierung ins Arbeitsgedachtnis ablaufen zur spateren Kurzzeiterkennung nicht
ausreichen. Das visuelle Arbeitsgedéachtnis scheint daher zur Lésung des Abgleichproblems beizutra-
gen, indem es die Informationsmenge limitiert, die bei der Kurzzeiterkennung berucksichtigt wird.

In der finften Studie (Poth & Schneider, 2016d, eingereicht) setzten wir die Untersuchung der
Kurzzeiterkennung fort, indem wir fragten wie sie in einer vorausgegangenen Verarbeitungsepisode
vorbereitet werden kann. Wir testeten, wie sich die Priorisierung von Objektreprasentationen im vi-
suellen Arbeitsgedachtnis auf zwei distinkte Leistungskomponenten einer bevorstehenden Kurzzeit-
erkennungsaufgabe auswirkt. Unsere Ergebnisse zeigten, dass eine solche Priorisierung die Gedacht
nisleistung steigert, jedoch auch die visuelle Verarbeitung von Objekten zur Kurzzeiterkennung in einer
zukiinftigen Episode beschleunigt. Dies zeigt, dass Anderungen der Verarbeitungspriorititen zu mo-
mentan ablaufenden Lésungen des Abgleichproblems der Kurzzeiterkennung beitragen.

Zusammengenommen, zeigen die funf Studien wie die Mechanismen der Objekt- und Kurzzeit-
erkennung bestimmte Probleme bewaltigen, die sich aus der Unterteilung visueller Vearbeitung in dis-
tinkte Episoden ergeben. In diesem Sinne weisen die Studien auf visuelle Verarbeitungsepisoden als
eine Problemquelle fir die Objekt- und Kurzzeiterkennung hin, die in aktueller Forschung gréf3tenteils
vernachlassigt wird. Umgekehrt, geben die Studien jedoch auch Anlass, tUber den funktionalen Wert
visueller Verarbeitungsepisoden zu spekulieren.
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