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Chapter 1: General Introduction

Chapter 1

GENERAL INTRODUCTION

A SHORT HISTORICAL SURVEY OF
INVESTIGATIONS ON TEMPORARY STORAGE
AND RELATED RESEARCH

Overview

In the present dissertation characterigtics of visud short-term memory are
investigated in a series of experiments. The following chapter isintended to give the
reader an impression on the milestones of research on short-term memory in
cognitive psychology. There has dways been an interest in the functioning of human
memory since there has been experimenta research in psychology. Going back to the
19" century there was the famous work of Herrmann Ebbinghaus who in 1885
published his book Uber das Gedachtnis. He investigated memory under carefully
controlled conditions with objective and quantifiable observations, congructing lists
with nonsense syllables. Ebbinghaus himself, being his only subject, learned
thousands of such ligts. From carefully recorded learning results he gave a systematic

description of the scope of human memory for verba materidl.

Very early in memory research a distinction was made between two types of
memory systems. This goes back at least as far asto William Jameswho, in his
famous work The Principles of Psychology (1890), distinguished a primary and a
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secondary memory. James associated primary memory With conscious awareness.

According to James it contained information of the “just past” and lasted for severd
seconds. Secondary memory in contrast was seen as a more permanent store. Here
properly recollected objects were stored. It contained knowledge of events or facts

which we have experienced.

After these very early conceptions of memory there was not much interest for the
next 50 yearsin further developing the idea of distinguishing different memory
systems. Not earlier than in the context of approaches of information processing
structures that correspond to James' primary and secondary memory regppeared. A
prominent example is Broadbent’ s (1958) description of the information-processing
system. According to this mode information is perceived by the senses and then
maintained briefly in ashort-term store. From the short-term store information will
be sdlected for further processing by passing a selectivefilter into alimited capacity
channd. Here information is fully perceived and available for further processing
induding long-term storage of past events.

A detailed account of human memory was given by Atkinson and Shiffrin (1968).
They developed a multi-component model of human memory — later termed the
“moda modd” of human memory — which had an enormous impact on memory
research. Their model conssted of three distinct memory stores: The sensory
registers, a short-term store and along-term store. The short-term store was proposed
to generdly correspond to consciousness, which makesit apardld to James
concept of primary memory. Information is hold in short-term memory for about 15
to 30 seconds after which it islost due to decay or interference. The short-term store
isof fundamenta importance in the memory modd. It has the centrd function of
ruling the flow of informeation by certain control processes like rehearsd and coding
of the stored information. Also, control processes of short-term memory decide

which informetion is trandferred into long-term memory.

Since then research on short-term memory has further devel oped, more elaborate
concepts have been proposed and a so the body of empirica data has grown. A very
influentid modd of the temporary store has been the working-memory modd of
Baddeley and Hitch (1974) which has found broad acknowledgement and initiated a
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whole tradition of research activity. The modd now appearsin standard textbooks on
human memory and is consdered to be part of genera knowledge of every cognitive
psychologist. Most relevant to the research on visual short-term memory isthat in
this modd working-memory is not assumed to be aunitary system within memory.
Ingtead it is congtructed as atripart system that distinguishes a store for visuo-spatia
information and a gore for verbd materid from a control system, the centrd

executive,

Around the same time W. A. Phillips conducted his classical studies on visud
short-term memory (Phillips, 1974). He investigated its fundamenta features and
pioneered the methodology for the investigation of change detection and visud short-
term memory. Although Phillips did not develop an eaborate modd or theoretical
framework of visud short-term memory, his empirica work was considered
exhaudive to an extent that the main questions on characterigtics of visud short-term
memory seemed to be settled. As aresult, there were only occasiond studies that
addressed some specific questions, but only until recently there was no considerable
research activity that dedlt with issues of visua short-term memory.

With the development of the new scientific paradigm of cognitive neuroscience,
with advances in neurobiology, neurophysiology and brain research, mgor issues of
cognitive psychology were taken up again and investigated under new perspectives.
Also new questions arose and were addressed in the context of newly devel oped
research areas. One such comparably new field in the area of research on human
vison are sudies on the phenomenon called “change blindness’. It refersto the
observation that subjectsfail to seelarge changesin visud scenes when they occur
during disruptions such as eye movements, blank intervas, blinks, or movie cuts. It
was concluded that we conscioudy perceive only very limited parts from our visud
environment and store them in visud short-term memory (O’ Regan, 1992; Rendink,
2000a, 2000b). From investigations on “change blindness’ new indghtsinto how we
represent our visua environment were gained, in which short-term memory has a
centrd role.

Also reldively new is the concept of transsaccadic memory. It has been
developed in aline of research which investigates, how we build up a representation
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of our visua world from one saccadic eye movement to the next. Transsaccadic
memory is postulated to maintain visua information thet has to be preserved across
saccades. As some pardld features of transsaccadic memory and visua short-term
memory have been found, the two systems have been clamed to be grounded on the

same underlying structure (Irwin, 1991).

Much attention was received by the recent and very influentia study on visuo-
gpatia working-memory by Luck and Vogd, published in Nature, 1997. They
wanted to know how much information can be maintained in the store and determine
the capacity of the store. In order to do thisthe unit of the store has to be known, so
that the amount of stored information can be measured. Luck and Vogel approached
thisimportant issue, namely in what format information is stored in visuo-pdtia
working-memory. Isit stored in terms of whole and integrated visua objects? Or is
information maintained in the form of single features? In other words, the authors
addressed the problem of “binding”, which isamgor subject in research on
attention, and asked how this problem is reated to visud short-term memory
capacity.

An example of atheoretical framework that tries to encompass research in
cognitive psychology and in neurophysiology is the neurocognitive theory on visuo-
gpatiad working-memory, attention, and scene representation by Schneider (1999). It
describes a two-stage conception of visuo-patia processing that is based on the two-
stage framework developed by Neisser (1967). Schneider (1999) developed a
modified and extended verson of this account in reating findings from behaviourd
experimenta research to neurocognitive data.

The more recent concepts and empirica evidence are closdly linked to the present
work and will be taken up in the course of the present dissertation. Therefore,
beginning with the working-memory modd of Baddeey and Hitch (1974), the
current concepts together with the experimenta paradigms that were used to
investigate them, will be outlined in more detall in the following section.
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RECENT DEVELOPMENTS

The multi-component model of human working-memory by
Baddeley and Hitch, 1974

Working-memory isatheoretical construct that was first introduced by Baddeley
and Hitch (1974) in their modd of human working-memory (see dso Badddey,
1986). The modd represents a development of earlier models of short-term memoary,
such as those of Broadbent (1958) and Atkinson and Shiffrin (1968)(see above). As
opposed to these older models the function of working-memory in complex cognition
has been stressed, rather than memory itself. Also, in hismodel Baddeley focuses on
the short-term store as the centre of cognition. Most importantly, the older models
were assumed to comprise a unitary temporary storage system. But they met some
problems such as accounting for the relationship between type of encoding and long-
term memory, in explaining why patients with grosdy defective short-term memory
had apparently norma long-term memory and in accounting for the effects of arange
of concurrent tasks on learning, comprehending and reasoning (Baddeley, 2000). To
overcome these weaknesses the concept of aunitary short- term store has been
abandoned by Baddeley and Hitch (1974) in favour of a multicomponent system (see

Visuo-Spatial
Scratch Pad

Phonological
Loop

Central
Executive

Figurel.1  Theworking-memory modd after Baddeley and Hitch, 1974.
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figure 1.1). In the new modd working-memory consists of three components — the
centra executive for reasoning, complex decision making and controlling some
subsdiary dave sysems for stimulus specific processing. Two such independent
gores have been outlined in the origina formulation of the theory, namely the
articulatory loop and the visuo-spatia scratch pad (VSSP). The articulatory loop is
needed for temporary storage and processing of verba materid, the visuo-spatia

scratch pad processes visua information.

Features of the articulatory loop have been extengvely investigated and are well
established by empirica data. It has been found thet the articulatory loop istime-
based and therefore stores verbal materia that can be uttered within alimited time.
Evidence for aword-length effect in measuring the memory span supports this
finding (Baddeley, Thomson, & Buchanan, 1975): The number of words that can be
memorized depends on their length. If the words are long, only few can be
maintained. If words are shorter, memory span for words increases. It appeared that
the store can hold as much spoken materid as can be uttered within approximately 2
seconds. The articulatory loop is aso characterized by phonemic coding. This has
been inferred from evidence that short-term memory for verba materid that is
phonemicaly smilar is worse than memory for sequences of words that are
phonemicaly easer to distinguish (Baddd ey, 1966).

The visuo-spatid scratchpad isarehearsd system for visud materid. It is defined
by its main function to temporarily store visud information and to serve as an ont-line
"cache" for visua and/or spatia information (Logie, Zucco, & Baddeey, 1990;
Logie, 1995). Its second function refers to the ability to manipulate the contents of
short-term storage. A typical exampleisamenta imagery task that requires the
active congruction of avisua image (eg. Brandimonte et d., 1992). Most of the
empirical sudiesin the working-memory framework concentrated on digtinguishing
the VVSSP from the articulatory loop. Evidence for digtinct subsystems has mainly
been taken from dua-task experiments. Still missing, until today, is the attempt to
detall the characterigtics of the visud store, pardlding the work on the articulatory

loop.

10
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Focus of the empirica work on Baddeley’ s working-memory modd has been to
show the non-unitary nature of working-memory and the separability of its
subcomponents. This feature is strongly supported by the finding of sdective
interference effects from dua-task paradigms with normal adults (Baddeley, 1986;
Logie, 1995), but dso from studies with brain-damaged patients (DdllaSda & Logie,
1993) or from developmenta studies (Hitch, 1990). In the dual-task experiments
frequently a memory task which has been devel oped by Brooks (1967) has been
applied. In order to show the existence of two separable subcomponents of working-
memory, Baddeley, Grant, et d. (1975) conducted a dual-task experiment with
Brooks visud imagery task asa spatid primary task and ether aspatid or averbd
secondary task. The results showed that two spatia tasks cannot be accomplished
amultaneoudy. Baddeley, Grant et d. (1975) inferred from this result that both tasks
need processing resources from the same capacity-limited subsystem of VSSP. The
verba and the spatia task, on the other hand, could be conducted at the same time.
Thiswas suggested to be the case, because the two tasks use resources from two
different subsystems. A further example of this experimenta gpproach and support
for the separability of subcomponentsin working-memory isastudy by Logie and
Marchetti (1991). They demonstrated the double dissociation that retention of spetia
patterns, but not retention of non-spatia visud information was disrupted by arm
movements. On the other hand, retention of nonspatid visud information, but not
retention of spatial patterns, was disrupted by avisud interference task. From this
finding it was inferred, that memory for non-spatid and memory for spatia visua

information is not sored within the same memory structure.

Dud-task experiments were also used to increase task difficulty and to find the
limit of the processors. In the origina studies (Badddey & Hitch, 1974), subjects had
to remember sequences of up to Six digitsin a primary task while performing
smultaneoudy varying secondary tasks such as verba reasoning, comprehension,
and learning of verbal materid. The results showed that performance in the tasks was
not affected by a concurrent digit load of up to three. However, with sequences of six
digits, performance on dl tasks was dgnificantly poorer. Thiswas attributed to the
functioning of the centra executive thet is responsible for atending to and

coordinating the processing of al incoming information. The articulatory |oop was

11
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able to maintain up to three digits without overloading the centra control system.
However, adigit load of greater than three exceeded the capacity of the articulatory
loop and placed additiona demands on the central processor. Because adivison of
the centra processor capacity was now alocated to maintain the longer digit

sequence, performance on the other tasks got worse.

Baddeley’ s working-memory mode can help to summarize current ingghts on
short term retention and initiate further research. It has proven to be very useful and
meanwhile underwent modifications and further developmernt (Baddeley, 1986;
Logie, 1995; Smyth, Pearson, & Pendleton, 1988). In a recent suggestion afourth
component is added to the origind mode, namely an episodic buffer, which is
proposed to provide temporary storage of information held in amultimoda code. It
Is supposed to be cgpable of binding information from the subsidiary systems, and
from long-term memory, into a unitary episodic representation (Baddeley, 2000).
The working-memory modd has been successful in giving an integrated account not
only of data from normal adults, but dso neuropsychological, developmenta and
neuroimaging data (Becker, 1994; Gathercole, 1999; Smith & Jonides, 1997). The
main contribution of working-memory was to outline separate subsystems of short-
term memory, distinguishing storage functions for verba and for visud materid. It
has initiated a great extent of research; numerous studies directly investigated
questions related to the working-memory modd. Especidly popular isthe modd in
research on language processing. Open questions remain mainly concerning the
central executive. But aso a detailed description of the characteristics of the visuo-

spatia subcomponent remains subject to further research.

The classical studies by W. A. Phillips

Classicd studies on short-term retention of visua stimuli were carried out by Phillips
in the 1970s. The experimental methodology he used is now widdy applied in
studying change detection and hence, visua short-term memory. Phillips used
abgtract visud materid in the form of random patterns of black and white square
metrices which were of varying complexity, eg. 4 4, 6" 6 or 8 8 squares. In his
experiments he showed on different trias one such matrix and after avarying

12
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retention interva between 0 and 9 seconds he showed a second matrix. The two
matrices either wereidentica or differed in one square — either ablack square
disappeared and became white or a black square appeared a the place of awhite
sguare. Subjects were asked to indicate whether the two patterns were identical or
different. Accuracy of report was measured. The results for patterns of three levels of
complexity are shown in figure 1.2 in which percent correct responses are shown asa
function of the delay between the first and second display. It can be seen that
memory for successively presented patternsis close to perfect, and that performance
declines dramatically after an interva of only 1 second. This decline is stronger for
the more complex patterns of 6" 6 or 8" 8 squares than for the Smpler oneof 4" 4
sguares. So, memory performance declines with the duration of the retention interval.
However, the decline between 2 and 9 seconds of retention is comparably flat. In a
series of thistype of experiments Phillips could show that visud short-term memory
is different from a sensory sore in that it has alimited cgpacity, it isnot tied to

100

90

80

70

Percent correct

60

50

i 1 1
1 2 9

Dark interval (seconds)

Figurel.2  Accuracy of report in a same/different task
with random square matrices of different complexity that
had to be retained for a duration between 0.5 and 9
seconds (from Philips, 1974).
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spatid pogtion, it is not maskable, it does not show loss of efficiency over the first
600 msand dow loss over & least the first 9 seconds, and findlly, it is dependent on
pattern complexity (Phillips, 1974). Also, the distinction between the visud short-
term gtore and visud long-term memory has been shown by using thiskind of visud
materia in arecognition task (Phillips & Chridtie, 1977). Phillips and Chridtie (1977)
conducted a recognition task with the pattern matrices in which they presented a
number of patterns one after the other. Task of the subjects was to remember as
much patterns as possible. In the recognition phase pattern matrices were again
shown to the subjects. They had to tell whether they had seen a matrix before or
whether it was a new one. It gppeared that the subjects could only remember the very
last pattern of the series that had been shown to them. This suggests that with
sequentid presentation visud short-term memory has a capacity of only one visud

display and that each time anew display is presented, it overwrites the previous one.

With these results the fundamenta questions on the characterigtics of visud
short-term memory seemed to be generally answered so that for the time being there
was no further extended research activity on this subject. Only recently, the issue was
taken up again (by Luck and Vogd, 1997, see below) and short-term memory
functions were investigated from new perspectives such as change detection (e.g.
Pashler, 1988), attention (e.g. Rensink 2000b), or scene representation (e.g.
Henderson & Hollingworth, 1999).

Change blindness experiments

The subject of the limitations of short-term visud representations received much
attention in connection with the phenomenon of “change blindness’. In a change-
blindness experiment abstract visual objects or natura scenes are shown to the
subjectseg. in a“flicker paradigm” (seefigure 1.3): Alternatdly two pictures are
presented which differ from each other in an object or afeature that changes. The
task of the subjectsisto find the change. If the two pictures are presented
subsequently without interruption then the change is detected very easily. However,
when the two pictures are separated by brief visud disruptions or distraction, which

in the experiments could occur as e.g. eye movements, blank intervals, blinks, movie

14
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[ = I 0 display 2

display 1
Figure1.3  Theflicker paradigm: Two displays dternate
disrupted by ablank interva.

cuts etc. (O’ Regan, Rensink, & Clark, 1999; O’ Regan, Deubd, Clark, & Rensink,
2000; reviews. Rensink 2000c; Simons & Levin, 1997), then it becomes extremely
difficult to find the change. All the different disruptions mask the trandent caused by
theloca change that would otherwise attract attention, so that the change is easily
detected. The results of the various experiments are dl smilar: In dl of them it was
shown that normal human subjects do not immediately notice the large and often
dramatic changesin visua stimuli. From this evidence for “change blindness’ it has
been inferred that only little information from our visua environment is conscioudy
perceived and stored in visud short-term memory (O’ Regan, 1992; Rensink, 20008,
2000b). Thisfinding, thet the visua representation we preserve from one view to the
next is very limited, has chalenged the traditional view in perception research that
the normal observer of the visuad world stores adetailed visua representation, which
islong-lasting and spatiotopic, forming a coherent and richly detailed internd picture
of the visud environment. Instead it gppears that people can monitor just between
one and four items for a change (Rensink, 2000c). This number corresponds to
estimates of the attentiona capacity (Pylyshyn & Storm, 1988), the capacity of
transsaccadic memory (Irwin, 1991, 1996), and also of visua working-memory
(Cowan, 2001; Luck & Vogd, 1997; Schneider, 1999; Shibuya & Bundesen, 1988).
If only so little of our visud environment is stored, how can it be explained that we
have the impression to percelve a detailed, stable and coherent visud world around
us? In the framework of the coherence theory by R. Rensink (2000a) the function of
providing spatio-tempora coherence is attributed to focused attention. It is focused

15
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attention that is needed to see the changes in change blindness experiments,
Coherence theory dso impliesthat thereislittle visua short-term memory apart from
what is being attended.

Not only at the conceptua leve, but aso regarding the methodology there are
close relations between the study of the phenomenon of change blindness and the
investigetion of the visud short-term store. The flicker paradigm resembles standard
short-term memory paradigms as for instance that used by W. A. Phillips (as
described above) to an extent that often allows direct comparison of results. As can
be taken from figure 1.4, in aflicker experiment the firgt picture and the image with
the change are continudly dternating with a brief blank interva between them. The
blank interval causes transents that cover theloca motion sgnas caused by the
change which usualy would draw attention to the location of the change, so that it
would easily be detected. The aternation continues until the observer sees the change
and responds to it (Rensink et a, 1995, 1997). Performance is measured by response
times. In a short-term memory paradigm (e.g. the Phillips paradigm) subjects have to
respond to a change between the first and the second display that are both shown
only once. This corresponds to asingle dternation of displaysin aflicker
experiment. The short-term memory paradigm has therefore sometimes been termed
a“one-shot” change detection paradigm (e.g. Rensink, 2002).

Transsaccadic memory

When ascenein anaura environment is perceived the eyes move approximeately
three times per second with saccadic eye movements. Each time a different area, an
object or part of asceneisfixated for about 300 ms and projected onto the fovea of
the retina. During saccades, which last about 30 ms, visua encoding is suppressed
(Matin, 1974), so that a representation of our visua environment has to be built up
by a series of snapshots of the fixations that are interrupted by blind intervas during
the saccades. This means that information from separate fixations must be retained
and integrated as the eyes move from one loca region to the next. A frequent
proposd is that information such as target locations and identity of objectsis

accumulated and temporarily stored across saccadic eye movementsin a
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transsaccadic memory store. This memory store has often been identified with visud
short-term memory.

A typica question in research on transsaccadic memory iswhat kind of
information is preserved from one fixation to the next across a sngle saccadic eye
movement. How is thisinformation represented in the store? What is its capacity and
how is the transsaccadic integration of successively obtained information
accomplished so that we get the impression of a stable and continuous world across
eye movements around us? In a series of studies Irwin (e.g. 1992, 1996) explored the
properties of transsaccadic memory. A firs mgor finding in these studies was that
visud information is not accumulated and integrated in a very detailed, high-capacity
and spatiotopicaly organized visud buffer. This was evidence againg the traditiona
view widdy held in perception (e.g. McConkie & Rayner, 1976; Wolf et d., 1980;
Jonides et d., 1982) which proposed that when the eyes move, the contents of new
eye fixations was spatiotopicaly superimposed on the contents of previous eye
fixations and integrated in such away that a detailed composite representation of the
visua environment would emerge. Instead, severd investigators found that pre- and
postsaccadic information is not fused in successve fixations in thet way to obtain an
integrated composite pattern (eg. Irwin et d., 1983; O’ Regan & Levy-Schoen, 1983;
Rayner & Pollatsek, 1983). Nevertheless, transsaccadic storage of information does
occur, but instead being of high detail it is more limited and abstract. So, changes of
visual objects across saccades in properties such as letter case and object sze and
spatid pogitions are often not detected (Irwin et d., 1983). In experiments carried out
by Irwin and colleagues subjects were required to compare two random-dot patterns
or letter displays which were separated by a saccade. The second display was either
identical or different to the first. Task of the subjects was to report whether they
could identify a change in the second pattern. Irwin found a cgpacity limitation of
transsaccadic memory that could be estimated to be in the order of 3 —4 items
Accuracy was higher for smple patterns than for complex patterns. It was dso
higher when only 6-dot patterns were presented compared with 8- or 10-dot patterns.
In arrays of |etters only 3 — 5 letters could be retained across saccades independent of
the total number of |etters presented (see aso Irwin, 1992). By varying the interva
between the first and second pattern between 1 to 5000 msit could be demonstrated

17
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that there was only allittle effect on performance, suggesting that information can be
held in transsaccadic memory for ardaively long time without substantia loss
(Irwin, 1991). In addition, displacement of patterns had no effect on performance,
indicating locationindependent representation of information. More recently it has
been found that transsaccadic memory for absolute spatia locations is poor, while
relationa information iswell retained from one fixation to the next (Carlson-
Radvansky, 1999; Verfaillie & De Graef, 2000).

To summarize, some pardld characterigtics between short-term memory and
transsaccadic memory can be determined. These are Smilar to an extent that
transsaccadic memory and visud short-term memory are clamed to rely on the same
underlying structure. In research on transsaccadic memory theoretical concepts are
discussed that are clearly related to questions on visua short-term memory. Also, the
methodology isin part comparable to paradigms used in research on short-term
memory, which enables usto directly compare and relate data from both areas of

research.

The study by Luck and Vogel, 1997

A vey influentia publication on visud short-term memory was the study of
Steven Luck and Edward Vogd, published in Nature, 1997 (extended version:
Vogd, Woodman, & Luck, 2001). The authors reverted to the subject of
characterizing visud short-term memory when there was only little interest in the
subject after the initial studies of W. A. Phillips (see above). In the meantime
neurobiologica accounts on visud working-memory had been developed, and
research had begun to delinegte the neurd subgtrate of working-memory systems and
to search for physiologicd explanations for memory functions (e.g. GoldmanRakic,
1987, 1996; Jonides et al., 1993; Petrides, 1996; Smith et a., 1995; Smith & Jonides,
1997). The influence of the broader gpproach of cognitive neuroscience was certainly
one motivation to take up behavioura studies on working-memory, epecidly as new

questions resulted from the new lines of research.

Mogt of the experiments of the present dissertation are closdly related to the work
of Luck and Vogd (1997). In fact, one chapter (chapter 3) directly deals with the
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question that Luck and Vogel (1997) were invedigating in their series of
experiments. It is the question on the relation between the capacity of visua short-
term memory (VSTM) and the format in which the information is stored in VSTM.
In aseries of experiments they used an experimenta paradigm that was smilar to the
change detection paradigm formerly used by W. A. Phillips: Subjectsfirs saw a
display that contained a number of visua objects that had to be remembered. After a
viewing time of 100 msthe display disappeared, then a defined blank interva (900
ms) followed until a second display was shown. This second display was elther
identical to thefirst display or one of the objects differed in one of its features. Task
of the subjects was to indicate whether they could identify a difference between the
two displays. Performance was assessed as afunction of the number of itemsin the
gimulus display. The visud items were geometricd objectsin form of squares or

bars that could vary in visud properties such as size, colour, or orientation.

Inafirs set of experiments Luck and Vogd determined working-memory
capacity for smple colours. The results show nearly perfect performance for display
szesof 1— 3itemsand a sysemdtic decline with increasing number of items from 4
to 12. A cgpacity estimation indicated that roughly four items could be held in visua
working-memory. In asecond set of experiments Luck and Vogd addressed the issue
of the unit of visud working-memory. Isinformation stored in terms of Single
features or of integrated visud objects? This question was investigated by varying
the number of features that could change in an experiment. In one condition, eq.,
objects of different colours and orientations could only change their colour on a
given trid, orientation never changed. In a second condition only the orientation
could change. In order to solve the task it was sufficient to retain only the relevant,
possibly changing feature. In athird and critical condition the change could occur in
one of both features. Which feature would change was not known to the subjects, so
that it was necessary to retain both, colour and orientation of the items. The
experimental results showed that visua objects could be memorized equaly well no
matter whether only one of the features was relevant for the task, so that only one
feature had to be retained, or whether up to four features had to be stored in order to
be able to solve the task. From the experimental results Luck and Vogel drew the
conclusion that information is stored in terms of integrated objects. At the same time
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they rgected an dternative view that information is stored in terms of the festures of
objects. In their view, storage is object-specific and refers to whole interna objects
as aconfiguration of conjoined features, which isindependent of the number of its

dimensions, hence of the complexity of the objects. They stated that the capacity of

the visud short-term store comprises about four such items.

Aswill be shown in the course of the present dissertation these results can
basicaly be confirmed — with a crucid difference, however. It will be shown that the
processing of objects actudly is dependent on the complexity of the objects: Objects
that are defined by a conjunction of features are not retained as accurately as objects
that are defined by one feature only.

The neurocognitive theory of visuo-spatial working memory by
Schneider, 1999

An important contribution to research on human short-term memory isthe
theoretica framework by Schneider (1999) in which he suggests how visuo-spatid
working memory, attention and scene representation are related. In his
neurocognitive approach Schneider (1999) takes into account not only behavioura
data, but also concepts that are based on neurobiologica research such as sngle unit
recordings in monkeys, lesion datain humans and monkeys, and neuroimaging
studies. He provides theoretica concepts for afuller understanding of how the visua
world is represented “insde the head”. The theory of Schneider (1999) isan
exemplary gpproach in the interdisciplinary field of the cognitive neurosciences
which has been established in the recent years.
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object object file spatial-motor
stage two recognition set-up computations

—1

attentional selection of one unit at a time

stage one visual-spatial units

Figure14  Thetwo stagesin the modified two-stage theory of visuo-
spatid processing by Schneider, 1999.

Schneider (1999) developed a modified and extended version of the two-stage
conception of visuo-spatial processing by Ndsser (1967) by taking into account
current relevant neurocognitive deta. The two stages (refer to figure 1.4) shdl briefly
be described with an emphasis on stage two, a part of which is visuo-gpatid working
memory (VSWM). In stage one dementary low-leve information of the currently
available retina input, such as colour, texture or oriented contours, is computed in
paradld. In addition the information is divided into segments called visual-spatial
units. Stage two contains high-leve visuo-spatia information which is selected by an
atentiond process from the visud-spatid units provided by stage one. It delivers the
visuo-patia information for god-directed actions and comprises three processing
sreams which operate in pardld: object recognition, the computation of a spatia-
motor program for the selected unit, and the setting-up of an object file. An object
file contains high-leve visuo-spatia attributes, such as complex shape parts or
colour, and an index that alows access to the visuo-spatia attributes of an object file.
It guarantees the spatio-tempora continuity of an individua object. On the bas's of
neurophysiologica data (as described e.g. in Zeki, 1993; Milner & Goodale, 1995)
Schneider (1999) proposes that the high-levd visual attributes are located within the

inferior-tempora and posterior parietd areas in the primate brain. Theindices are
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proposed to be located within the posterior parietal cortex, based on the specific
neuropsychologica symptoms that are observed in patients thet suffer from the so-
cdled Balint syndrome (Rafal, 1997). One part of the second stage of the modd by
Schneider (1999) isVSWM. It is postulated that it has a capacity of up to four object
files. Always only one of the four objectsis activated at atime, the other selected
objects are off-line. Access to the temporary store of stage two is controlled by
activation-based competition between the objects. This means that an object getsinto
the store when it has a sufficient level of activetion, thet has to be higher than the
activation of at least one of the stored objects. A refreshment processis responsible
for increasing the activation leve of the stored objects in order to prevent them from
getting lost from VSWM, in other words, to prevent forgetting.

According to Schneider (1999) VSWM has two functions. Firdly, the function to
actively organize and modify information such as mental imagery operations. And
secondly the short-term retention of rdevant information. In his view the short-term
function is not only required, when visua objects are not longer visible, but aso
when they are ill present at the sensory surface. He postulates that one object in
VSWM isactive a atime and gets bottom-up support of activation flow from the
retina input, the remaining up to three objects do not get this congtant activation
flow. The short-term function of VSWM is used to maintain these objects without
direct activation in the store and to prevent them from getting lost. Frontd aress, and
in particular areas of the prefronta cortex (PFC), are involved in the short-term
function of VSWM (e.g. Courtney et d., 1997; Miller, Erikson, & Desmone, 1996;
Rao, Rainer, & Miller, 1997). It is suggested that the PFC containsindices which
control the object file indices which are located in parietd aress. By thisaloop
between indicesin PFC and indices in parietd areasis established. It is assumed that
thisloop isrespongble for arefreshment process that increases the activation of an

index. Thustheindex is prevented from being forgotten.

In the course of histheory Schneider (1999) further specified how the particular
functions of visuo-spatia processing can be conceptuaised. He suggested, e.g., that
the objectsin VSWM could be distinguished and segregated by a mechanism of
temporaly-based neurd coding (following, eg., von der Masburg, 1981; Singer,
1989; Singer et d., 1997). He dso has described on a mechanistic leve the
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functioning of short-term maintenance, refreshment and forgetting. His new
theoretical concepts are illustrated by a number of experimental data which include,
among others, evidence from research on transsaccadic memory and on change
blindness. In being very explicit about specific mechanismsthat areinvolved in
visuo-spatia processing Schneider (1999) provided theoretical concepts that can be
tested experimentaly. The concept of VSWM as defined in the neurocognitive
theory of Schneider (1999) forms the theoretical basis for the present dissertation. It
ingpired most of the experiments introduced here and was essentia for the theoretical
assessment of the results,

THE SCOPE OF THE PRESENT DISSERTATION

Limitations of human visual working memory

Following on from the above mentioned studies the present dissertation
contributes to an understanding of the nature of temporary storage of visud
representations, which is accomplished by visuo-spatial working memory (VSWM).
An important achievement of the empirica work in the framework of Baddeley’s
concept of working memory was the finding that there is a separate store for
temporary retention of visua information as opposed to verba materid. However,
while there has been extensive research on characterigtics of the subcomponent of
working memory for verba materid, the articulatory loop, such asits capacity or the
duration of the store, the same is not true for the visuo-spatia scratch pad, the
subcomponent of VSWM for visud information: The knowledge about properties of
the visua store has been only very rudimentary to date. The current series of
experiments contributes to exploring the characterigtics of the visua short-term store
and will add to our knowledge on the conditions of temporary storage of visud

representations.

In most theories of working memory postulated functions include the short-term
retention of visud information, and dso active organization and modification
(Miyake & Shaw, 1999). In the present dissertation aspects of the short-term
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retention function of visuo-spatid working memory as defined by Schneider (1999)
(see above) are investigated. Throughout the study, therefore, reference will be made
to visud short-term memory (VSTM) as a subcomponent of VSWM.

It isadefining characterigtic of VSTM to be limited in severa agpects. The
generd am of the present dissartation isto delineste these limitations in more detall.
Thelimitations of three agpects of VSTM will be addressed:

v" Firdly, limitations in the duration of the store are explored for anew type of
visua simulus material used throughout the present study. Whet is the time-
course of VSTM? When does retention for very short intervasrely on VSTM
aone, after the decay of iconic representations? How long can the
information be represented in the Store before it is forgotten?

v" The second aspect refersto limitations of the capacity of VSTM. How much
information can be maintained in VSTM? This question of the amount of
information stored in VSTM cannot adequately be answered without
gpecifying the format in which theinformation isstored in VSTM. Is
information stored in terms of the number of whole objects, or doesthe
number of features of the objects determine the capacity? The present
dissertation investigates whether the binding of object festures has costs for
doragein VSTM. Thisissue has aso been addressed by Luck and VVogel
(1997). However, somewhat different results were obtained. The results of
the current work, together with a modified view on the issue are presented.

v" Thirdly, limitationsin VSTM that occur due to conditions of retrieval are
sudied. Overd| performance limitations cannot be attributed to alimitation
in the capacity of the store aone, but aso to other components of VSTM. In
the present dissertation the process of VSTM retrievad is studied in a series of
experiments. Severe limitations of this process are described. In research on
VSTM the aspect of retrieva so far has received only little attention. Up till
now there are no systematic investigations and no exact theoretica ideas on
how theretrieva of information from VSTM could be conceptudised. Here,
together with empirica results adescription of retrievd limitationsin VSTM
on amore theoreticd leve is provided.
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Common of dl the experiments of the present dissertation is the stimulus materid
and aso the experimenta procedure. Therefore, both will be described in the
following section.

Approach of the present study
Simulus material

It has been mentioned before that the choice of visua stimuli has implications for
the kind of questions that can be addressed and for the theoretica inferences from the
experimentd results. In the various studies that deal more or less directly with short-
term memory functions different types of stimuli have been used. They vary in their
degree of abstractness and range from very smple, abstract and Static visua objects
(e.g. Phillips, 1974; Luck & Vogd, 1997) to complex and dynamic natural scenes,
such asfilm dlips (eg. Levin & Simons, 1997), and even red-life interactions
(Smons & Levin, 1998). Obvioudy the advantage of usng redigtic gimuli isthat
they can more directly be related to everyday life. However, it is difficult to control
for dl the processing factorsthat are involved. Abstract visud materia, occurring
under artificia laboratory conditions, can be well controlled and more concisely be
anaysed.

Throughout the present study visual materia of avery high degree of absiractness
and smplicity is used, namdy individua objects of the smple geometricd form of a
rectangle (see figure 1.5). These rectangles are defined by smple visud features such
as colour, orientation, and length. They are well suited for the purpose of

-+D
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Figurel5  Anexample of the simulus materid used in the experiments
of the present sudy: multidimensiona abstract objects of different colour

(represented by different shades) and form.
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investigating the issues of visud working memory that are subject of the present
study. A very important feature of the stimuli isthat they encourage encoding and
dorage within the visuo-spatid format. When meaningful pictures such as aflower
or ahouse are shown they are immediately categorized and access to name and
associated semantic information is provided. More importantly, an dternative verba
code is generated. Thusinformation that is not drictly visud — like digits and letters
which are often used in visuo-spatial tasks (e.g. Pashler, 1988) — isvery likdy to be
processed with the contribution of verbal memory resource.

Furthermore, it can be expected that in amemory task usudly the most efficient
and economic memory drategy is goplied. Therefore, objectsthat are visudly
ample, but complicated to name will preferably rely on avisua code rather than a
verba code. In the case of the multidimensiond geometrica objectsit is reasonable
to presuppose that they are stored primarily visudly and not verbaly. If averba
encoding strategy would be used for each of the objects a unique combination of
colour, location, orientation, and size (eg. “the horizontal, green, small rectangle on
the top left Sde’) had to be encoded and stored within avery limited time. Luck and
Voge (1997) provided evidence that for such multi-dimensiona geometrica objects
subjects use avisud rather than averba code in a short-term memory task: In
experiment 2 of their sudy they introduced a verba memory load while arrays of
coloured squares had to be memorized. Memory performance was not poorer than in
the same experiment without verba load. Their results support earlier findings on the
role of verba codesbility in the storage of visua information using random shapes
(Clark, 1965; Kely & Martin, 1974). No effect of verba codeability on performance
was found for smple figures which means that subjects did not rely on averba code
in retention, but on avisud code. Further evidence for the present assumption is
provided by Posner and Konick (1966) who found that with smple stimuli
recognition performance was not influenced by verba cues. For complex visud
materid (pictures), on the contrary, it has been found that the degree to which the
stimulus can be described verbaly is directly related to recognition accuracy (Wyart,
Banks, Berger, & Wright, 1972).

As has been mentioned aready, an important reason to choose geometrica
objects and not, e.g., random shapes (asin Clark 1965, or Kely & Martin, 1974) or
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random square matrices (asin Phillips, 1974) is that our simulus materid, which
conggts of sangle, well defined objects of variable and controllable complexity, are
reaedily perceived as independent units. Thisisimportant in order to determine the
unit of the store. When the retention of defined objectsisrequired it is possble to
refer to the capacity in terms of the number of objects or to the number of their
features.

Experimental Paradigm

The standard experimentd paradigm in the present sudy was a change-detection
task that is Smilar in its procedure to the paradigms used by Philips (1974) or Luck
and Voge (1997)(see figure 1.6): On different tridsfirst asample array is presented
that contained the stimuli which were required to be remembered by the subjects.
After adefined retention interva atest array was shown. The standard task of the
subjects was to decide whether the test array was the same as the sample or whether
the test array contained an object that differed in one of its feastures from the
respective object in the sample array. In hdf of the trialsthe test array was identica
with the sample array. In the other haf of the trids one of the test stimuli differed in
one feature vaue of one object (e.g. the colour of a particular object wasred in the

test array, whereas the colour of the respective object in the sample array appeared to

J,J

O

Test display

Retention interval
(2000 ms)

Sample display (400 ms)

Figure1l.6  Example of the change detection
paradigm that has been used in different variationsin
the experiments of the present study.
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be green). Thiskind of test display islabelled “whole test array” to discriminate it
from other modified test displays. Another kind of test display, caled the “single test
item” display, consisted of just one object that occurred at the same location asit has
been presented in the sample display before. Subjects responded by a mouse click:
the right button when the objects of sample and test array were the same, the left
button to indicate a difference. Response was measured by accuracy (% correct).

An important characterigtic of the paradigm used is that the information that has
to be retained is presented smultaneoudy in one display and not sequentidly asin
some other sudiesvisua short-term memory (e.g. by Postman & Philips, 1965;
Philips & Chridtie, 1977). There are findingsin favour of the technique of
smultaneous presentation. Frick (1985) has shown that short-term retention of
information thet is presented smultaneoudy (al simuli a once) is Sgnificantly
better than retention of the same information presented sequentidly (one imulus a
atime). Thisresult isinterpreted such, that visua short-term memory operates on
only one picture & atime and contains spatia, but not tempord information. Frick
(1985) concludes that information that is presented sequentialy is not as awhole
retained reliably in visua short-term memory. The suggestions of Frick (1985)
correspond to the conclusion of Phillips and Chrigtie (1977) who claim that visua
working-memory has the capacity of only one visud display. In ther experiments
they used avisud recognition memory task with meaningless black and white
random square matrices. They investigated the seria position curve, which
represents the probability of correctly recaling a matrix as afunction of its serid
position in the course of presentation. After showing a number of the matrices to the
subjects they tested recognition for matrices that either had been shown before or that
were new. A new matrix differed in one square from a previoudy shown matrix. The
results show arecency effect for only the last item of thelist, i.e. recognition
accuracy was approximately the same for al objects apart from the one that was
shown last. It appears that whenever anew display occurs it presumably overwrites
the preceding one. Hence, visua memory seems to refer to one given picture,
display, or scene. The amount of information contained in this Sngle picture can be
retained to a certain extend, i.e. within the capacity limits of the store, but from
sequentialy presented information only the last sequence isretained. A further
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reason to use a paradigm with Smultaneous presentation of information isthet it can

be related to mgjor work on visua short-term memory that has been described above.
In particular Philips (1974) and Luck and Voge (1997) dso used this experimenta
procedure. Furthermore, aso in empirical work from the above mentioned related
fidds such as visud search, change blindness, or transsaccadic memory information

Is retrieved from one single diplay. Therefore, a more direct comparison of resultsis

feasible.

The structure of the present study

Together the three aspects of VSTM limitations as mentioned above comprise a
large and diverse field of experimental evidence and theoretical issueson VSTM.
Therefore, in the present dissertation the three aspects of retention, format and
retrieva of VSTM, are treated in rather independent chapters. Chapter 2 (including
experiments 1 and 2) is dedicated to the issue of limitationsin mantaining
information in VSTM. Chapter 3 (including experiments 3a, 3b, 4) is concerned with
the capacity of VSTM, more specificaly with the relation between the format of
VSTM and storage limitations. Chapter 4 (including experiments 5 — 7, 8a, 8b)
investigates limitations of retrieving information from VSTM. Each of the three
chapters begins with a separate introduction, which will inform the reeder
specificaly about the Sate of the present research on the relevant issue and on the
respective questions and hypotheses that will be investigated. At the end of each
chapter the findings and theoretica implications concerning the particular aspect are
discussed. In the find summarizing chapter 5 more generd issues are discussed and
more speculative and theoretical ideas on VSTM processing are presented.
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Chapter 2

LIMITATIONS IN MAINTAINING
INFORMATION

Introduction

The first empirica question of the present dissertation addresses the tempora
limitations of visua short-term memory (VSTM). For how long can information be
retained in VSTM? What is the time-course of VSTM decay? Thisis an important
aspect in the context of the present investigations, snce the nove type of simulus
materia used here, dlowsto study effective memory capacity as afunction of
retention time. To ddineate the duration of VSTM it isinteresting to define, when
VSTM begins and when it ends. With the present approach the contributions of
iconic memory can be separated from VSTM. Also, it will be investigated for how
long the new type of information can be retained in VSTM before it is forgotten.

For very short-term retention of visud materid it isimportant to consider that at
least two memory systems are involved. In addition to VSTM, thereis also Storage
by the high- capacity sensory store for visua materid. The foundation for this
assumption has been laid by the study of Phillips (1974, refer to chapter 1 for
details). He derived from his experiments on retention of matrix patterns that
performance was made up of two components, namely of sensory memory, that
could be observed at 1SIs of about 100 ms or less and which is of high accuracy, and
of the visud short-term store, that is capacity limited and with longer 1ISIswill show
adow loss over at least the first 9 seconds. Sensory memory for visua materia has
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first been termed iconic memory (by Nelsser, 1967). It wasinitialy regarded asa
unitary system within the visual moddity (Sperling, 1960; Averbach & Coridll,

1961). The current view, however, isthat it can be subdivided into severd
components (e.g., Coltheart, 1980; Di Lollo & Dixon, 1988; Irwin & Y eomans,
1986). Besides neural persistence which refersto the immediate neurd activity
induced by the simulus, avisible persistence and an informational persistence of the
dimulus are distinguished (Coltheart, 1980). Visble persstenceisa

phenomenologica vestige of the removed stimulus and relates to the fact that the
dimulus can actudly be seen. It is negatively rdated to the duration of the simulus
(known as the inverse duration effect) which is negligible for simulus exposures
exceeding 100 ms (Di Lollo & Dixon, 1988, 1992; Dixon & Di Lollo, 1994). The
decay of visible perastence, therefore, depends on the duration of the simulus, i.e. it
istime-locked to its onset. Informational persistence, on the other hand, occurs at a
higher level of processing. It isaso referred to as the visual analog representation of
the stimulus (Di Lollo & Dixon, 1988). It is nonvisble, maskable, and contains
precategorica information about form and spatia locations of theinitid gimuli. Itis
not affected by the duration of the inducing stimulus and decays rapidly within 150 —
300 ms after the offset of the simulus (Irwin & Y eomans, 1986), i.e. it istime-

locked to the termination of the simulus. In the present experiments on the duration

of VSTM abeneficid influence of the visud anaog representation on performance

visual analog
representations

l

VSTM

stimulus
W

set size independent, set size dependent, capacity
high-capacity storage limited storage

time

Figure2.1  Tempora relation between storage by visud andog
representation and by VSTM.
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can be expected at very short retention times, such as below 300 ms. At longer
retention times the visua anaog representation is no longer available, therefore, the
task must be solved by rdying on VSTM done. Hence, performance will declinein
this case. (Refer to figure 2.1 for an illudtration of the hypothesized temporal relation
between the two visua stores.)

The difference in duration is not the only factor by which visud analog
representations can be separated from VSTM. The two memory systems aso differ
in their capacity. As opposed to the unlimited storage of visua analog
representations, storage capacity of VSTM islimited. This festure has been described
by Phillips (1974). In his experiments he observed an effect of pattern complexity in
VSTM sorage (see figure 1.2). However, the study of Phillips (1974) has the
disadvantage that the amount of stored information, contained in the black-and-white
matrices, cannot be described in asmple way. As a consequence, the tempora
course of VSTM storage cannot be related to a straightforward quantitative capacity
measure. This deficiency will be diminished by the new type of simulus materiad
that was used in the present experiments. It consisted of separable objects with well
defined perceptud attributes. Hence, in order to segregate storage that relies on
visua andog representations from storage in VSTM, in the present study the
effective memory capacity will be assessed as afunction of retention time,

In two experiments memory performance for 2, 4 or 6 visua objects was assessed
asafunction of retention time by varying the interva between the sample display
and the test simulus. Experiment 1 tested shorter retention durations between 100
and 800 ms, addressing the trangtion from storage by visua andog representations
to VSTM. Experiment 2 tested memory performance aso for longer retention
durations up to 8000 ms. A control condition was added in experiment 1, in which
sample and test digplay were presented without interruption, immediately after each
other. In this condition no memory is necessary. The change in one object will
directly be vigble. Performancein this control condition will reflect the maximum
performance that could be reached in the memory conditions with a contribution of
the visud analog representation. It is hypothesized that aslong as visud andog
representations are available for the short-term storage, no performance differences

according to the number of stored objects should occur. However, when visua
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ana og representations decay and storage hasto rely on VSTM, set sze effects on
memory performance should become evident in the experiment. Because the visud
ana og representations have an gpproximeate duration up to 300 ms (Di Lollo &
Dixon, 1988), the trangition from storage by visua andog representationsto VSTM
storage is hypothesized to occur between 100 and 300 ms after stimulus offset. When
memory hasto rely on VSTM aone, performance is expected to remain stable on a
level depending on st Size.

Experiment 1

Method

Subjects 6 subjects (4 femaes, 2 maes), aged between 20 and 38 years
(mean age: 25) participated in the experiment. All had normal or corrected-to-normd
vison. All subjects were naive with respect to the purpose of the experiment. They
were paid for their participation.

Apparatus The experiment was run on alBM compatible PC with a Sony
21" colour display (resolution: 1024 x 768 pixels, refresh rate 74 Hz.).

Simuli On each trid two displays with visud stimuli gppeared that
were separated by an empty screen: first, a sample display, and second, atest display
(see below for the exact procedure). The sample display contained an array of 2, 4 or
6 multidimensiona stimuli. All simuli had the geometricd form of arectangle and
differed with respect to the visud dimensons size (long — 1.34° x 0.36° or short —
0.67° x 0.36°), colour (red or green) and orientation (horizontal and vertical). Objects
on average had aluminous directiona energy of gpproximately 12 cd/m? the
luminance of the grey background was about 5 cd/m?. Objects occurred at eight
possible locations forming a square (6.36° x 6.36°) around awhite fixation crossin
the centre of the screen. Stimuli were randomly generated, no object was repested in

adisplay. However, single feature values could occur in more than one object, but
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not more often than twice. The test digplay conssted of a the same number of objects
at the same locations as in the sample array at that tria (“whole test display”, see
figure 2.2). In 50% of the cases dl objects wereidentica to the objectsin the sample
array (“ same” -trid) and in the other 50% of the cases one of the objects differed

from the respective sample simulus in one of itsfeatures (* different” -trid).

Procedure Participants were seated in front of the computer display a a
viewing distance of 1m in aroom with dim illumination. During the experiments the
subject’ s head was fixated on achin rest. Prior to each block ord indtructions were
given followed by up to 25 practice trids to ensure that the procedure, which is
sketched in figure 2.2, was understood. Subjectsinitiated the start of atrid by
mouse-click. In each trid first afixation cross appeared for 1500 ms followed by the
presentation of the sample array. The exposure duration of the sample array was 200
ms. It was followed by avariable retention time, during which just the grey
background and the fixation cross were visible. Possible blank intervals were 0, 100,
200, 300, 400, 600 and 800 ms. Then the test display was presented and remained
visble until subjects pressed a mouse button according to the indruction. The

generd ingruction was to press the right mouse button when the tet display was the
same as the sample array ("same” -trid). When one of the objectsin the test display
differed from the respective object in the sample array subjects were instructed to
press the left mouse button ("different” -trial). Subjects were asked to respond as

r/

AVhoIe Test Display
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Figure2.2  Experimenta procedure and stimuli in
experiment 1 with awhole test display and with variation of
retention time (0, 100, 200, 300, 400, 500, 600, 700, 800 ms).
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correctly and as quickly as possible. In case they were not sure about the right
response they were instructed to guess. In case of an error they received a feedback
tone. Session duration was gpproximately 1 hour.

Design All combinations of the 3 set Szes, the 7 different retention intervals

and the 2 same-different conditions required 42 trias for complete replication. A
block consisted of 126 trids, which were generated a random. Each subject

performed 8 blocks during two sessions, i.e. 24 complete replications of each

condition.

Results

Reaults of this experiment 1 are depicted in figure 2.3. Performance is shown for
the three tested set Szes as a function of retention time. In the control condition, in

which there was no blank interva between sample and test display, a performance
level of around 95% for dl set Szeswas reached (set Size 2: 96.5%, MSE 1.0; et
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Figure2.3  Realltsof experiment 1. Mean accuracy asafunction
of retention time for the set sizes of 2, 4, and 6 objects.
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size 4: 96.5% correct, MSE 1.7; set Sze 6: 94.5, MSE 3.0). At longer retention times
(100 — 800 ms) adigtinct set Size effect can be observed. The performance leve of
each of the three tested set Szesis stable for al these tested retention times.
Throughout the experiment performance is best when only two objects have to be
retained; avery high accuracy of above 95% is then achieved in the task. Clearly
poorer performance can be observed at the larger set sizes of 4 objects (about 85%
correct). An even lower level of performance is reached for the set Size of 6 objects
(approximately 78% correct). The performance levels according to the set sizes
suggest that VSTM capacity comprises at least two objects, because for set size 2
memory performanceis nearly perfect. On the other hand, VSTM memory capacity
issmdler than 4 objects, because a performance level of 85% correct suggests
dready a certain loss of information. We conclude that VSTM has a capacity of
roughly threeitems.

The results of the present experiment are confirmed by atwo-way (retention time
" set sze) repeated measures ANOVA on performance data (% correct). It reveaed
sgnificant effects of retention time, F(6,30) = 11.89; p < 0.01, and a Sgnificant
effect of set size, F(2,10) = 56.14; p < 0.01. When retention time = 0 msis not
included in the cdculation, the differences of performance with respect to the
retention time is not significant, F(5, 25) = 1.92; p > 0.05. Also, thereisno
interaction of retention time with set size, F(10, 50) = 0.42, p = 0.93.

The pattern of results, that shows a stable level of performance whichis
dependent on sat size for al data points except the control condition, is consstent
with what was expected, when retention hasto rely on VSTM done. Nevertheless, it
issurprising that a set Size effect can be observed at aretention time as short as 100
ms! Here, the visud andog representation should still contribute to the storage and
no dependence of set Size should occur. It seems that the visua analog representation
iswiped out, yet leaving the contents of short-term memory unimpaired.

What factor could be responsible for the present result? It may be important for
the present study to consider the possibility of multiple visud trangents (Phillips &
Singer, 1974; Stelmach et d., 1984; Becker et al. 2000). It could be that the onset of
the objects in the test display after the blank interval causes visud transents for dl
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objects across the entire visud field, so that the location of the criticd item cannot
easly be detected within the visua analog representation. The role of visud

trandents for detecting — or rather for being blind for — achange in visuad scenes or
displays has recently been stressed in studies on change blindness (e.g. Rensink et

a., 1997, O'Regan et d., 1999). When transients are introduced in two successive
pictures that contain aloca change that normally is detected very reliably, subjects
are no longer able to perceive that change. In astudy of O’ Regan et d. (1999), these
trangents are generated by ‘mud splashes’ — black-and-white textured rectangles or
ovals— spread out on the picture. It is also possible to generate transents which
induce change blindness by introducing e.g. saccadic eye movements, blinks, movie
cuts, etc. (Rensink, O'Regan, & Clark, 1995; O'Regan et d., 2000; Levin & Simons,
1997). Multiple trangents can aso be generated by a blank interval (Rensnk et dl.,
1997; Rendnk et d. 2000) in change blindness experiments. So, possibly aso in the
present experiments multiple trandgents caused by the onsets of the objectsin the
second display after the blank interval may be responsible for the fact that the visud
ana og representation cannot be used effectively for the memory task.

Experiment 2

In order to diminate the multiple sources for trangentsin the test display, in this
second experiment the experimenta paradigm was dightly modified. Instead of
presenting al objects again in the test display, only the critical item was presented
and irrdlevant items were not shown again (“single test item” display, seefigure 2.4).
Thus, trangents are now dlicited solely by the critica item. Furthermore, to make
aure, that the rdatively low memory performance at aretention time of 100 msin the
previous experiment 1 was not caused by a possibly too short encoding time, in this
experiment 2 encoding time was increased to 400 ms. In addition to the shorter
retention times up to 800 ms a data point with aretention time of just 14 mswas
introduced in the present experiment to test the capacity of the visual andog
representation. Moreover, longer durations up to 8000 ms were tested, in order to

observe apossible decay of VSTM. Taking into account also earlier studies that
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\4@1

Single Test Item

Figure2.4  Experimentd procedure and stimuli in experiment 2 with atest
display containing a Sngle object and with variaion of retention time (14, 125,
250, 500, 1000, 2000, 4000, 8000 ms).

investigated short-term retention of visua materia (Kikuchi, 1987; Parr, 1992,
Phillips, 1974) the following rough assumptions on the expected memory
performance of the present experiment were made:

1. Performance with short retention times (14 — 250 ms) is expected to be of
very high accuracy for al set Szes and therefore different from the
performance at the longer retention intervals (500 ms or longer).

2. At retention times, that are longer than the duration of visud anaog
representations, which is approx. 300 ms, level of performance will be
congderably lower. In addition set Sze differencesin the level of memory

performance will be evident.

3. From aretention time in the range of severa seconds not much further
decline will be observed.

Method

Subjects 7 male and 3 female subjects, aged between 20 and 43 years
(mean age: 27.5) participated in the experiments. All had normal or corrected-to-
norma vison. All subjects were naive with respect to the purpose of the experiment.
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Simuli Except for the fact that the rectangles dl had the same size
(0.36 ° x 1.34°), the visual objects were the same as in Experiment 1. Instead of a
“whole tes” display a“sngle item test” was used (see figure 2.4).

Procedure Except as noted here, the procedure was the same asin
Experiment 1. The display time of the sample array was 400 ms. Eight different
retention intervals (14, 125, 250, 500, 1000, 2000, 4000, 8000 ms) were tested in two
separate blocks. The firgt block consisted of the 5 shorter retention times, the second
block conssted of the 3 longer retention times. The intervalsin each block were
selected a random in every trial. The durations of both blocks were gpproximately
the same, the second type of block being dightly longer. Sesson duration was
approximately 1 hour.

Design The experimentd design wasa 8" 3 within-subject factorid,
with eight levels of intervals between sample and test array and three set sizes. In the
first block (shorter retention times: 14, 125, 250, 500, 1000 ms) al combinations of
the 5 retention times, 3 sat Szes and the 2 same-different conditions required 30 trids
for complete replication. Each of thistype of block conssted of 180 trids, which
were generated at random. In the second type of block (longer retention times: 2000,
4000, 8000 ms) al combinations of the 3 retention times, 3 set Szes and the 2 same-
different conditions required 18 trids for complete replication. Each block of this
type consisted of 108 trials. The order of blocks was balanced among subjects. The
subjects performed 12 (6 x 2) blocks atogether during three sessions, i.e. 36
complete replications of each condition.

Results

Figure 2.5 shows average performance in retaining the multidimensiona objects
as afunction of retention time and number of objects. It can immediately be seen that
thereisaclear set Sze effect for dl retention intervas. Furthermore, memory
performance declines continually from the shortest up to the longest tested interval.
Thisgenerd result is confirmed by atwo-way (retentiontime” set size) repeated
measures ANOV A on performance data (% correct responses). It reved s significant
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main effects of set size, F(2, 16) = 182.0, p < 0.001, and of retention time, F(7, 56) =
11.25; p < 0.001. There was no significant interaction between the factors of set Sze
and retention time, F(14,112) = 1.08; p = 0.38.

Data are again not in agreemert with the first assumption formulated above. Also
in this experiment no contribution of the visua anaog representation was observed
at very short retention intervals (14, 125, and 250 ms) as can be inferred from the
clear st Sze effect at these intervas. It is now possible to exclude, firdly, that
insufficient encoding time is respongible for this result. Further support is given by a
study by Schneider and colleagues (1999), in which the encoding time was carefully
controlled in experiments that were smilar in the procedure to the experiments of the
present dissertation. When the sample display was presented for 200 ms, followed by
amask, asymptotic level of memory performance was observed. Therefore, the
duration of 200 ms of the sample display, which is not followed by a mask, was
cetainly sufficient for encoding the stimuli in experiment 1, much more so the
encoding time of 400 msin the present experiment (also refer to Kyllingsbaek,
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Figure2.5  Resultsof experiment 2: Mean accuracy asa
function of retention time for the set Szes of 2, 4, and 6 objects.
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2003). Secondly, the factor of multiple transents that are caused by the onset of
irrelevant objectsin the test display can be excluded as a cause of the observed set
size effect a 14 ms. However, the observed data are in agreement with the second
assumption: results show avery flat but continuous decay with larger 1SIs depending
on set Sze. Conggtent with the third assumption, results show only a very flat drop
of performance between the two longest retention intervals of 4 and 8 seconds.

Two separate t-tests were conducted in order to test the more specific hypotheses:
Firgtly, the null hypothess that performance & aretention interval of 14 msis not
different from the performance at al other retention intervals was tested. Thiswas
done by cd culating the contrast between the performance a 14 msand dl other
retention intervals. The analyss yidds that, dthough performance a an ISl of 14 ms
isnot near perfect and in addition depends on set Sze, it is nevertheess Sgnificantly
better as the performance across al other, longer retention times (F(1,8) = 17.17, p <
0.01). Secondly, the null hypothesis was tested that beyond 4000 msthereis no
decrease in performance. This hypothesis cannot be rejected: The contrast of the
performance a aretention time of 4000 msis not significantly different from the
performance at aretention interval of 8000 ms (F(1,8) = 3.224, p > 0.1). This means
that the function of memory decay levels off at aretention interva larger than 4000
ms and does not further decay sgnificantly, athough between the last two data

points (4000 and 8000 ms) thereis a difference of as much as four seconds.

In summary, contrary to initid expectations performance even a the shortest
possible IS of 14 msisnot near perfect and is dependent on set Sze. Evidently there
isno contribution of visua anaog representations in thistask. The decay asa
function of retention time can, nevertheless, roughly be divided into two parts: At
shorter retention intervals (up to 2000 ms) a moderate memory decline can be
observed. At longer retention intervals alevel of performanceis reached thet is
maintained without significant loss up to the longest tested interva of 8 seconds.
Thisfinding on the generd course of memory loss over timeisin agreement with
results found in the literature (e.g. Kikuchi, 1987; Parr 1992; Phillips, 1974).
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Discussion of experiments 1 and 2

In the change- detection experiments of the current chapter the maintenance of
diginct multidimensiond figuresin the visud short-term store has been investigated.
What is the effect of varying the duration for which visua information can be
retained? Two predictions on the outcome of the experiments have been made
beforehand: Firdly, the visud short-term store is known to be of limited capacity.
Thus, a set Sze effect for dl tested ISIs which exceed the duration of the high-
capacity visua analog representation was expected. An amount of information that is
within the capacity of the store should be retained at a very high performance leve,
i.e. near 100% accuracy. For amounts of information that exceed the capacity of the
store performance should be worse. Secondly, at shorter ISls, when the visua anaog
representation is fill available (in the range from 14 — 300 ms), avery high memory
performance for al set Szes was expected. At longer retention intervas, when
memory performance hasto rely on VSTM done, lower performance would be
observed for set sizes exceeding the capacity of VSTM. The results of the

experiments 1 and 2 can be summarized asfollows.

1. A st gzeeffect isobserved for dl tested retention intervas (> 0 ms):
Memory performance was near perfect for two objects (~95%), somewhat
lower for four objects (~85%) and clearly reduced for six objects (~78%).
We conclude that VSTM has a capacity of less than four and more than
two items. Within the first few seconds aflat and continuous decay of
VSTM can be observed for dl set Szesthat exceed its capacity (4 and 6
objects). From roughly 4 seconds of retention up to the longest tested | S|
(8 seconds) there is no more significant loss of information. Memory

performance for dl set Szesremains a a congant level.

2. Thereisno reflection of visua andog representations of the imuli a
|SIs shorter than 300 ms. Even at the shortest possible blank interva of 1
frame (14 ms) memory performanceis not near perfect and a set Sze
effect isobserved a dl intervals.
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1. Set size dependent flat decay of information in visual short-term memory

The observed time course of memory |oss reflects a decay function which
goparently is exponentid with sgnificant decay in the beginning and a flattening of
the curve at longer 1Sls. Significant forgetting does not occur after 4 seconds of
retention. Absence of further decay has been reported for even longer retention up to
9 s(Phillips, 1974), up to 12 s (Kikuchi, 1987) and up to 15 s Parr (1992). The leve
of memory performanceis clearly set Size dependent. Two objects can be kept in
short-term memory without considerable loss. Four objects can be stored only with
an accuracy of at least 80%. Short-term memory obvioudy cannot completely store
this amount of information. This means, that short-term memory has a capacity of a
least two, but fewer than four visud items.

There have been earlier sudies on retention of visud information that used a
different kind of visua materid. Kikuchi (1987) reports results from a Phillips type
of delayed matching experiment using random dot patterns as simulus materid. In
the first experiment of this study 1S and number of dots wes varied. For al amounts
of dots performance was best when the comparison pattern appeared immediately
after the target pattern, namely at an IS of 5 ms. At grester 1Sls performance
dropped to between 65% and 80% at 4 s and in addition an effect of display Szewas
observable. At |SIs greater than 4 s no more drop of performance was observed.
Pashler (1988) conducted a comparable change detection experiment (experiment 3
of the sudy) using letter strings as simulus materid. He found very good
performance (86% correct) at the shortest ISl of 34 ms, performance strongly
decreased a an |SIs of 67 ms (68% correct) and did not much deteriorate further at
217 ms (65% correct) In astudy of Parr (1992) performance in a change detection
task with smple squares of varying size was best when there was no delay between
sample and test stimulus (90% correct), performance decreases consderably at an 1S
of 5 seconds (74% correct) and does not decrease further up to an 1Sl of 15 seconds
(70% correct). The findings of al three udies are in agreement with the findings of
the present study.

How can it be explained that memory performance can be kept relatively constant
a acertan level? Why isthere no further loss of information with increasing
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retention time? Should the stored information not be forgotten after a certain time? A
reasonable explanation is thet the stored information is hold in short-term memory
until it is requested using active mechanismsto prevent loss of information by

passve decay or interference. Such an active mechanism might be arehearsa
processes that regularly refreshes the memory contents (e.g. Atkinson & Shiffrin,
1968, see chapter 1). In hisframework of working-memory Baddeley (e.g. Baddeley,
1986) suggested that the dave systems, the articulatory loop and the visua scratch
pad, serve as rehearsal systems for verbal and visuo-spatia information, respectively.
Also Schneider (1999) in his neurocognitive theory (see chapter 1) describesa
refreshment process of visuo-spatia working memory (VSWM). It is needed to keep
acertain leve of activation for each object, so that it can remain in VSWM. Thusthe
refreshment is respongible to prevent forgetting of the stored objects. Accordingly,
what is observed in the present retention tasksisin fact the cgpability of visud short-
term memory to preserve viarehearsd or refreshment alimited amount of

information for a certain duration. In the present experiments the longest tested
duration was 8 seconds, in related studiesit was 15 seconds (Parr, 1992). It is
supposed that thisinterval can be prolonged for amuch longer time, given the
subjects are completely occupied in the retention task and do not loose attention by
digtraction or degpiness.

2. No contribution of visual analog representations at retention times up to 300 ms

In the present experiments no set sze independent leve of performance close to
100% was observed for retention intervas shorter than 300 ms, which was expected
asareflection of visud andog representations. Possbly multiple trangents could be
responsible for thisresult (Phillips & Singer, 1974; Stlmach et d., 1984; Becker et
al. 2000). In order to solve the present change detection task and to find the location
of the critica item, subjects might rely on the trandents that are elicited by the loca
change of the critica item. In experiment 1 a“whole test display” was used, that
consisted of dl the objects that have been presented also in the sample display, with
apossible change in one critica object. By the onset of the test display after the
blank interva, multiple visud trangents would occur in the entire display, including
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the irrdlevant, unchanged objects besides the target object. A consequence could be
that the location of the critical item cannot unambiguoudy be determined, because it
is not possible to distinguish between rdevant and irrdevant sgnds. To exclude this
possibility, in experiment 2 a“sngle item test” was used, which contained only the
critical item. Trangents are now confined to the location of thisitem, so thet it can be
found without problems. In addition, in experiment 2 an extremely short interval
between sample and test display was added, to make sure that atime interva is
tested, a which the visud anaog representation should be present. However, also in
the second experiment, no contribution of the visua anaog representation to
memory performance was observed. It seemsthat it is generdly not avallable in the
present task.

It should nevertheless be noted, that performance a an interva of 14 msin
experiment 2 is clearly better than performance at the longer tested retention
intervals. This could mean that adestruction of the visua andog representation
gradudly becomes stronger, reaching its maximum at 100 ms at the latest. At
retention intervals shorter than 100 ms short living information can be used for the
task. This could be visua andog representations or sgnals like a strong, low level
motion cue. Another explanation could be, that generd experimenta conditions for
change detection are particularly good, when changes can be detected at ardatively
high rate a very short blank intervals. For example, higher ambient luminance
increases change-detection rates (Hecht & Schlaer, 1936, cited after Stelmach et dl.,
1984). Evidence for avery steep decline of accuracy within the firs 80 msin a
change detection task has aso been reported in astudy by Stelmach, Bourassa, and
Di Lollo (1984). The stimulus materid they used was a square display of 41
randomly distributed elements, which were compaosed of five closely packed dots
(like the number five of adice). Sample and test display were shown on an
oscilloscope for 500 ms each, separated by a blank interval, that varied according to
the block between 0, 10, 20, 40, 80, 160 or 320 ms. In a two-aternative tempora
forced- choice procedure subjects had to detect changes between the two displays.
Thelr results show very high accuracy of 100 % for an IS of zero and dightly less
for an ISIsof 10 ms, which is clearly in agreement with the present deta. Further,
performance rapidly declines reaching alevd just below 70 % at an 1SIs of 80 ms.
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Performance up to 320 ms remains constant: Also these data are conform with the
present evidence that was obtained at ISIs of 14 ms, 100 msand longer. Taken
together, the results of this study confirm that avery rapid loss of information within
the first 100 msor earlier is possble in a change detection task. However, the exact
beginning of decay as afunction of 1S may depend on additiond factorslike
luminance conditions (Stelmach et d., 1984).

A further explanation for the fact that the information provided by visud andog
representations cannot be used for detecting changes has to be considered: Perhaps
the representation of the first display is overwritten by the second display. So firdt,
the information of what is contained in the first display is encoded into memory. A
visuad andog representation of high detall exisis for a duration of gpproximately 100
— 300 ms. When after acertain duration the test digplay comes up thisinformation is
masked by the onset of the second-frame stimulus (Gegenfurtner & Sperling, 1993,
Loftus et a.; 1992, Becker et a., 2000). The visua anaog representation of the first
display is overwritten and cannot be used for the task any more. In order to tet,
whether arepresentation of the first image is preserved and to which extent, acueing
technique can be applied. In achange detection paradigm, smilar to the one used in
the present study, a cue was presented between the sample and the test display
(Wesenick, 2000). Significantly higher memory performance was observed when a
cue was presented compared with the condition without cue. Thiswas especidly
evident for retention times up to 500 msin which with a cue a performance leve of
approx. 90% was reached for four objects. Performance without cue was only below
80%. Comparable evidence was reported in a current study by Germeys, de Gragf,
Panis, van Eccelpod, and Verfaillie, (2004). In a change detection task with a
circular array of 5 letters subjects had to decide whether one object had changed
across ablank interval. In experiment 3 of the study a cue wasinserted at variable
times (0, 50, 100, 150, 200, 250, 300, 400 ms) within aretention time of 700 ms.
Performance was near perfect at the shortest cue delay (97% at 0 ms) and gradually
declined with increasing delays (82% at 400 ms). Change detection performance was
well above performance in ano-cue control condition (71%). The two studies show,
that avisua analog representation does indeed exist, which starts to decay following
simulus offset. The results are in accordance with the view that the second display
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overwrites the contents of the first display, so that its contents cannot be accessed

afterwards.

In the present study on short-term memory this line of argumentation was
pursued in anumber of additiona experiments, which aso include studiesin which a
visud cueisused. These are presented in chapter 4 which is dedicated to the issue of
retrieval. At the present point of investigation it becomes gpparent that the way in
which memory istested is an important factor. Experimenta manipulations like a
blank interval and a second display have certainly acriticd influence on memory
performance. Therefore, in order to learn more about features of short-term memory
and about the nature of visual representations it is necessary to learn more about
conditions of retrieva of information from short-term memory.

The next two chaptersinvestigate issues that originated from experimenta results
and their discussion of thisfirst chapter on short-term retention of visud informeation.
The following chapter 3 ded's with the question on the storage capacity of visud
short-term memory. From observing aclear set Sze effect in al three experiments of
the present chapter, the question on the storage capacity arose and how it can be
defined in terms of the unit of the store. In chapter 4 in a series of experiments the

issue of retrievd isinvestigated in more detall.
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Chapter 3

THE STORAGE FORMAT AND ITS
RELATION TO CAPACITY
LIMITATIONS

Introduction

One of the mgor issues in cognitive science isto investigate the limitations of
human abilities to solve cognitive tasks and to determine the processing restrictions
in the performance of avariety of such tasks. Especidly the limitation to
immediately retain new information has been examined in alarge number of sudies.
With Millers (1956) classic work on the capacity of short-term memory and his
finding of what he cdled an immediate-memory span for the recal of digits of 7, plus
or minus 2, the issue of cognitive capacity became very popular. One of the most
intensdy studied human cognitive limitations certainly isthe highly limited capacity
of working memory to temporarily hold information in an accessble date so thet it is
available for current cognitive operations. There is an extensve discussion on the
issue with agreat dedl of controversy (see e.g. the BBS target article by N. Cowan,
2001 and commentaries). This controversy, however, concerns not so much
empirical results per se, but rather how the results can be interpreted and how they
relate to theoretical constructs.
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Very eaxrly in psychologica research on what was cdled the “ span of attention,
apprehension or immediate-memory” (Sperling, 1960, p. 1), it was found, that from
briefly presented visud displays of letter arrays only four or five items could be
reported correctly (e.g. Catell, 1881; Jacobs, 1885). In hiswell known article, which
contains experiments using the newly developed partia report technique, Sperling
(1960) included aso whole report experiments to test immediate memory. In
experiment 1 an array of avarying number of up to 12 letters and/or digitsin
different arrangements was shown for 50 ms on a tachistoscope. It was followed by a
blank screen. Subjects were asked to recall as many letters as possible after
presentation. The results showed that no more than an average of about 4.5 items
could be reported from a single array. The same results were obtained in experiment
2, in which exposure duration was varied between 50 ms and 500 ms. In the partid
report procedure a cue indicated which row of the presented stimulus array had to be
reported. When the cue gppeared before or very shortly after the array (- 100, 0, 150,
300 and 500 ms), most of the lettersin that row could be reported. However, when
the cue was delayed for 1 second the number of correctly reported items
corresponded closely to the number of letters that subjects give in whole reports.
Over the years many more studies on the capacity issue followed. In most studies
verba materia was used in these sudies, one of the best known studies being Miller
(1956), in which the recdl of digits was tested. Also, as has been mentioned in
chapter one, within the framework of working-memory the capacity of the verba
rehearsal system, the articulatory loop, has been thoroughly investigeted. It was
found that immediate memory span for spoken words represents the number of items
that can be uttered in about two seconds (Baddeley, Thomson, & Buchanan, 1975).
In contragt, there are much less studies which investigated the capacity of visud
short-term memory. This can partly be attributed to the problem of choosing the
goppropriate simulus materid. It is difficult, even for visudly presented simuli, to
exclude extensive use of verba coding. For example, aso the visudly presented
letters and digits in the study of Sperling (1960) rely to alarge extent on speech
based codes.

Different measures and tasks have been applied to determine the capacity of the
visud short-term store such as recognition memory (Clark, 1965; Kelly & Martin,
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1974; Hines, 1975), performance in delayed matching to sample tasks (Reicher,
1969; Cermak, 1971; Philips, 1974; Parr, 1992; Luck & Voge 1997; Vogd,
Woodman, & Luck, 2001; Wheder & Treisman, 2002), performance in tasks that
require whole report (Henderson, 1972; Oyama, Kikuchi, & Ichihara, 1981), partial
report of matrix patterns (Wilson, Scott, & Power, 1987), and memory spanin
Imagery tasks where subjects were required to follow a mental pathway through
imagined sguare matrices or cubes of an increasing number of units (Kerr, 1987;
Cornoldi, 1991). In those different tasks and procedures a variety of simulus
materia was used such as number-matrix patterns (Brooks, 1967; Baddeley, Grant,
Wight, & Thomson, 1975; Badddey & Lieberman, 1980), textures and faces
(Harvey, 1986), random square matrices (Philips, 1974; Philips & Chridtie, 1977),
pictures (Wyant, Banks, Berger, & Wight, 1972; Shaffer & Shiffrin, 1972; Potter,
1976), random shapes (Kdly & Martin, 1974; Hines & Smith, 1977) and
multidimensiond geometrica forms (Luck & Vogd, 1997).

It isdifficult to make clear suggestions about a capacity limitation of the visud
short-term store. It has been proposed that it is limited to only one single pattern or
picture (Phillips & Christie, 1974; Frick, 1985) and that it depends on pattern
complexity (Shaffer & Shiffrin, 1972; Philips, 1974). More recently Luck and Voged
(1997) came up with the suggestion of a capacity limit for nonverba materid of
about four items. Thisis congstent with estimates from “whole report” studies on
iconic memory and with estimates on the capacity of transsaccadic memory
(Bundesen, 1990; Irwin, 1992; Irwin & Andrews, 1996; Schneider, 1999). However,
the generd question is how we can define the capacity using a quantitative measure
and what isits relevant relation, i.e. what is the unit of the store? |'s the measure
related to the complexity of the displayed visud materid, isit related to its
informationa contents or to the number of presented items/objects?

Luck and Vogd (1997; Vogd e d., 2001) claim that information is stored in
visud short-term memory interms of integrated objects. At the same time they reject
the dternative view that information is stored in terms of the features of objects. In
their view, Storage is object- specific and refersto whole internal objectsasa
configuration of conjoined features, which are independent of the number of their
visud dimengons, hence of the complexity of the objects. They dtate that the
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capacity of the visua short-term store comprises about four such items. The
hypothes's of object-based working-memory was developed on theories of atention
that claim that attention processes integrated objects, rather than individua features.
Thereisrich evidence for the fact that dways al features of an object are accessed

by attentiona processes, even if in agiven task only one feature has to be attended
(Duncan, 1984; Egly, Driver, & Rafd, 1994; Kahnemann, Treisman, & Gibbs, 1992;
Vecera& Farah, 1994 — cited after Vogel, Woodman, & Luck, 2001). For items, that
are selected by attentional processing, are stored in working-memory, the format of
working memory could be the same as the format of atention (Vogel, Woodman, &
Luck, 2001).

To test this hypothesis Luck and VVogel (1997) carried out a series of experiments
with delayed matching tasks (see dso chapter 1). In afirst set of experimentsthey
assessed the cagpacity for smple objects that differed in just one feature dimension.
From the results it was estimated that visud working-memory can hold roughly four
items. In a second set of experiments multifeature objects were used to address the
issue of the storage unit of visud working-memory. Isinformation stored in terms of
snglefeatures or in terms of integrated visua objects? In experiment 6 of the study
(Luck & Vogd, 1997, which isthe same as experiment 11 in Vogel et a., 2001) a
sample display with 2, 4, or 6 objects was shown to the subjects for 100 ms. The
objects differed in colour (red, blue, green or black) and in orientation (horizonta,
verticd, left and right oblique: +/- 45°). The presented objects had to be memorized
across aretention interval of 900 ms. Then atest array appeared for 2000 ms. It
contained the same number of objects as had been shown in the sample display.
Furthermore, the objects appeared at the same locations as before. In half of thetrids
one of the objects differed in one of its features. Generd task of the subjects wasto
indicate by mouse-click an observed change of an object in the test display compared
with the respective object in the sample display. In addition to the visual task a
verba load procedure was used to rule out contributions from verbal working
memory: In every trid anew combination of two digits had to be remembered and to
be rehearsed subvocaly until they had to be reported at the end of each trid. In this
particular experiment three specific memory tasks were compared: In the colour

condition only the colour of an object could change, so the observers needed to
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Figure3.1  Resultsof experiments 6 and 7 from the study by Luck and VVogd,
1997. Memory performanceis depicted as afunction of set Sze.

remember only the colour of the objects. In the orientation condition only the
orientation could vary, therefore it was sufficient to retain only orientation values of
the objects. In the third and critical conjunction condition either colour or orientation
could change in an object. In order to solve the task, both features had to be
remembered, which means that twice as many feature values had to be remembered
a agiven sat 9ze. This manipulation makesit possible to distinguish between

obj ect-based and feature-based storage in visua working memory: From Luck and
Vogd (1997) follows, if the hypothesis was true that each feature takes separate
storage space, then performance in the conjunction condition at a given set Sze
should be the same as the performance in the single feature condition at twice that set
gze. On the other hand, if visua working-memory contained integrated object
representations, and storage thus being independent of object complexity, then the
performance in the three tasks should be the same. Asturned out the latter case was
true: accuracy in dl conditions was essentidly the same. The same result was
obtained even when the number of festuresin the object was increased to four:
colour, size, orientation, and gap (Luck and VVogel, 1997; or experiment 14 in Voge
et al., 2001) (seefigure 3.1). Based on these data L uck and VVogel (1997) concluded
that just the number of objects determines the capacity limit of the visud short-term
store and not the number of dimensions, which meansthat binding the featuresto
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Figure3.2  Stimulus materid used by Luck and Vogd, 1997. A and B:
objects having asingle feature: large and smal coloured squares; C: objects
with a conjunction of two colours.

whole objects has no codts. Thisis aremarkable result. Even in the case of object-
specific storage one would expect at least some costs for confining the festures to
integrated objectsin the conjunction condition. A further notable result was that
colour and orientation were both retained equaly well. Without further assumptions,
generdly adifference in processing the different festures should be expected, equd
performance being the specid casg, for it is known from visua perception that object
attributes such as colour and form are processed separately (e.g. Livingston & Hubd,
1988; Zeki, 1993; Moutoussis & Zeki, 1997).

A further experiment (experiment 8 of Luck and Vogd, 1997 or experiment 15 of
Vogd et d., 2001) was conducted to rule out a possible explanation for the
surprisngly good performance in the conjunction condition, that does not assume

storage of integrated features: for each feature dimension an independent memory
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Figure3.3  Reaultsof experiment 8 from the study by Luck and Vogd, 1997.
Mean accuracy is depicted as afunction of set Sze.
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sysem might exist. In order to distinguish between independent storage and
integrated object representation a conjunction condition of festures of the same
dimension, namely colour, was created: subjects had to retain squares that were
composed of asmal coloured squareinsde alarger square of adifferent colour. In
the single feature conditions ether the inner, small squares or the outer larger squares
had to be remembered. (See figure 3.2 for an example of the stimuli used.) If there
are independent memory systems for each feature dimension, then in this colour-
colour conjunction condition performance should decline compared with the Sngle
feature condition. However, in support of the ‘integrated objects hypothesis would
be a performance leve, that is equaly high in the conjunction condition asin the
sngle feature condition. The results of the experiment, which was basicdly the same
as Luck and Vogd's experiment 6 (or 11, respectively) gpart from stimulus type,
show no difference in performance in the different conditions (see figure 3.3).
Objects, composed of two colours could be retained just aswell as objects of only a
sngle colour. This means that twice as many colours could be retained in the
conjunction condition compared with the single feature condition. With these results
Luck and Vogd (1997) rgected the pardld-storage account in favour of their
origina proposal that objects are stored as integrated wholes. they claim that
integrated objects, and not the number of features are the unit of visud working-
memory. The results of Luck and Voge (1997) are very important and have far-
reaching implications for theories not only on working-memory, but dso on
perception and attention. The assumption of Luck and Vogel leads to questions like,
what underlying mechanism keeps the features of an object bound together in short-
term memory? The importance of the issue requires a verification of the empirical
results. Therefore, the goa of the present study was to replicate and extend the
findings of Luck and Vogd (1997) on thisissue.

Experiment 3a

The following experiment of the present study was conducted to verify, whether
the conjunction of features can be retained redly just aswell as only asingle feature
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of the presented objects. It pardlds experiment 6 of Luck and Vogd (1997), with the
difference that instead of two features, objects were characterized by three features.
Subjects were required to retain 2, 4 or 6 rectangles that were defined by colour,
orientation and length. The experiment, like Luck and Vogd's (1997), contained two
types of blocks, namely single feature and conjunction blocks. In a single feature
block only one prespecified festure dimension of multidimensiona objects changed
and subjects had to memorize just the feeture values of one dimension, namely

colour in the colour condition, orientation in the orientation condition and length in
the length condition. In conjunction trids any feature dimenson of the object could
change and therefore dl three features had to be retained.

Method

Subjects 4 mae and 6 female subjects, aged between 22 and 38 years
participated in the experiment. All had normal or corrected-to-norma vison. All
subjects were naive with respect to the purpose of the experiment.

Simuli The sample display contained an array of 2, 4 or 6
multidimengona siimuli, which were amilar in Sze, colour and orientetion to those
used by Luck and Vogd (1997). All gimuli had the geometrical form of arectangle
and differed with respect to the visua dimensions size (long: 0.18° x 1.8° or short:
0.18° x 0.9°), colour (red or green) and orientation (horizontal and vertical). Objects
on average had aluminous directiond energy of approximately 12 cd/m?, the
luminance of the grey background was about 5 cd/m? Objects occurred at eight
possible locations forming asquare (6.36° ~ 6.36°) around awhite fixation crossin
the centre of the screen. Stimuli were randomly generated, no object was repested in
adisplay. Single festure values could occur in not more than two objects. The test
display conssted of asingle object at alocation that had been occupied in the sample
array at that trid. In 50% of the cases the test stimulus was identicd to the imulus
presented in the sample array at the same location (* same” -trid) and in the other
50% of the casesit differed from the respective sample simulusin one of its features
(“ different” -trid).
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Procedure Participants were seated in front of the computer display a a
viewing distance of 1m in aroom with dim illumination. During the experiments the
subject’ s head was fixated on a chin rest. Prior to each different block ora
instructions were given followed by up to 25 practice trids to ensure that the
procedure was understood. Subjects initiated the sart of a block by mouse-click. A
fixation cross gppeared for 500 ms followed by the presentation of the sample array.
The exposure duration of the sample array was 100 ms. The retention time was 900
ms, during which just the fixation cross on the grey background was visible. Then
the test display was presented and remained on the screen until subjects pressed a
mouse button according to the ingtruction. The generd ingruction was to pressthe
right mouse button when the test object had been the same as the object at the
respective location in the sample array ("same” -trid). When the test object differed
from the respective object in the sample array subjects were ingtructed to pressthe
left mouse button (“different” -trid). The experiment consisted of 4 different blocks
with dightly different tasks. In one type of block the vaue of any dimension could
change, in the other three types of blocks the vaue of only one dimension could
change. Specificdly, the four task conditions were:

1) Memorize the vaues of dl dimensons as the value of any dimension can

change.
2) Memorize colour only as only the colour of arectangle can change.
3) Memorize orientation only as only the orientation of a rectangle can change.

4) Memorize length only as only the length of arectangle can change.

In the firgt condition the changing dimension (colour, size or orientation) was
determined at random. Subjects were asked to respond as correctly and as quickly as
possible. In case they were not sure about the correct response they were ingtructed
to guess. After aninterva of 1500 msthe next trid started. Sesson duration was
approximately 1 hour.

Design All combinations of the 3 set sizes and the 2 same-different
conditions require 6 trias for complete replication. Each block conssted of 120
trids, which were generated at random. There were 4 different task-conditions
dependent on the block (see above). The order of blocks was balanced among
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subjects. The subjects performed 12 (3 x 4) blocks atogether during three sessions,
I.e. 60 complete replications of each condition. “Same’- and “different”-conditions
occurred equadly often.

Results

Our andlyss differs dightly from the way Luck and Vogd (1997) presented their
results. Performance to retain a given feature was assessed, depending on whether it
was tested in the single feature condition, when it was the only feature to be retained,
or in the conjunction condition, when it was one of severd features to be retained.
For example, it was compared how well the colour of an object could be retained in
the single feature condition in which only colour could change with the memory
performance in such trids of the conjunction condition, in which colour changed.
Therefore, performance in the conjunction condition was not assessed as awhole, but
the trids were divided according to the changing dimenson (colour, length and
orientation). As amatter of course only the different-trials could be anaysed,
because the same- cases could not be associated with non-change of a particular
dimension. This seemed to be a more appropriate way to find out, whether the

conjunction of features can be retained just as well as only a single festure.

In the analysis of the present experiment, that concerned the specific memory
performance according to the changing feature, d measures were used to measure
memory performance instead of % correct responses (Macmillan & Creeman, 1990).
The reason for thisis, that subjects may have different response biases with respect
to changes of the particular features. For example, it could be the case, that subjects
fed more confident in deciding that achange in colour occurred compared with a
change in length. Therefore, in cases of uncertainty there might be a sronger biasto
choose the different-response in conditions with potential length changes as with
potentia colour changes. By using the measure of d' the response bias is taken into
account, so that performance data with respect to specific feature changes can better
be compared. Sengtivity (d') was estimated for different set Szes and tasks, using hit
rates (H) and fase darm rates (FA). In the single-feature conditions a hit was defined
as a correct response on a different-tria in which subjects correctly identified a
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different item. A false darm was defined as awrong response on a same-trid, when
subjects responded mistakenly "different” to an unaltered object. d' was estimated for
the performance in the single feature conditions by subtracting the z-score of the hit
rate from the z-score of the fase darm rate:

d'single = ZFA- Z4
D' isundefined for hit rates of 1.0 or false darm rates of 0, because respective z
scores are infinite. Accordingly, hit rates and false darm rates were corrected in

these cases. Proportions of 0 and 1 were converted to 1/(2N) and 1-1(2N),
respectively (Macmillan & Credman, 1990).

In the conjunction condition d' was estimated for changes in the three feature
dimensions separately: a hit was defined as a correct response on a different-trid of
one dimension in which subjects responded correctly to achange in this dimension.
As the same- cases could not be associated with a particular dimension, the fdse
adarm rate was cdculated for the performance in the conjunction condition asa
whole. Respectively, afase darm was defined as awrong response on any same-
trial, when subjects responded wrongly different to an unatered object. d' was
estimated for the performance in the conjunction condition by subtracting the z-score
of the hit rate for one particular dimension from the z-score of thefalse darm rate as

awhole
d'conjunction = ZFA-all = ZH-colour|lengthjorientation
Correctionsin the case of FA=0, and H=1.0 were as described above.

Figure 3.4-a shows memory performance after a sengtivity analyss for changes
in the conjunction and single festure conditions averaged across al changesin the
three feature dimensions. It can be seen, that contrary to the results of Luck and
Voge (1997), performance in the conjunction condition is lower than in the single
feature conditions. Thisis confirmed by athree-way (condition ” changing
dimenson” set Sze) repeasted measures ANOVA ond' etimates: thereisahighly
sgnificant main effect of condition (sngle feature condition vs. conjunction
condition), F(1,9) = 26.17, p<0.01. However, the degree of difference varies
according to the feature dimension (see figures 3.4b — d): It isvery digtinct for

colour, less so for length and orientation. The generd leve of performance, dsoin
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Figure3.4  Mean accuracy in experiment 3a, measured by d as afunction of set
sze. a Paformancein al conjunction changes and dl sngle feature changes. b —c:
Performance in conjunction and single feature conditions according to the specific

changes in the three features of colour, orientation and length.

contrast to the results of Luck and VVogel, is dependent on the feature dimension, too:
Colour was retained best with only a modest decrease of performance with set Size

and asengtivity aslargeasd' = 2.96 at set Sze 9%, which roughly corresponds to
about 90% correct responses. Memory performance for length was comparably low,
while working memory for orientation being between colour and length.

Accordingly, the satistica andlysis reveds a highly significant effect of the

changing dimension (colour, length, orientation), F(2,18) = 66.62, p<0.001, and a
ggnificant interaction for task and feature, F(2,18) = 11.36, p = 0.001 and for feature
and set size, F(4,36)=5.6, p = 0.001. However, in agreement with Luck and Vogd, is
the clear and datigtically sgnificant set Sze effect that was observed for all
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conditions: memory performance declines with increasing st sze (F(2,18) = 83.90,
p<0.001).

Experiment 3b

The observed difference between the outcome of experiment 3a and Luck and
Voge’s (1997) experiment 6 concerning the performance in conjunction vs. sngle
feature conditions might be due to the fact that in the current study a conjunction of
three features was tested, but Luck and Vogel (1997) assessed the conjunction of
only two features. This could mean that binding two features in an object is possible
within the storage limit, but that with three features storage capacity is exceeded and
performance declines. This possihility is excluded by considering the results of a
further experiment by Luck and Voge (1997). They tested whether the increase of
the number of features that are confined in a single objects has an influence on
memory performance. For they did not find cogts for binding two features they
addressed the question, whether there isalimit of the number of features that can be
bound together without cost. They report an experiment (Luck & Vogd, 1997;
experiment 14 in Vogd et d., 2001, respectively) in which the number of features
was increased to four: Objects were varied according to colour, length, orientation
and gap (continuous vs. broken by ablack gap of 0.26° in the middie of the objects).
The three Sngle-feature conditions and the condition in which the conjunction of
four features had to be retained were tested. Results show no datisticaly significant
main effect of task; memory performance in the conjunction condition was the same
asin the sngle feature conditions. Thisis again avery important result! It means that
at set size four subjects were able to retain sixteen features, that were distributed
across four objects in the conjunction condition, just aswell as four festures across
four objectsin the single feature condition. These results again strongly suggest the
obj ect-based storage in visud working-memory including up to at least four festures
that determine an object.
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However, asthe data from experiment 3a differed fromthe results of Luck and
Vogd (1997), the performancein this type of experiment was examined more
closdy. In the present experiment the previous experiment 3a was extended. It was
investigated, whether agradual decline in memory performance can be observed,
dependent on the increasing number of features that have to be retained in an object.
In the previous experiment either one or three features had to be retained. In the
present experiment the conditions in which the conjunction of two features had to be
retained, while the third festure never changed, were added. By doing 0, it was
possiblefirdly, to replicate the results of the previous experiment, and secondly to
test, whether a smple relationship between memory performance and number of
stored features could be observed. In the present experiment the same kind of
simulus materia was used asin experiment 3a This means that the complexity of
the objects was not varied. Instead, storage demands were manipulated by task
difficulty: in addition to the single feature condition and the triple conjunction
condition, two conditions with double conjunctions were introduced. Hence, it was
possible to compare memory performance dependent on the number of features that
have to be memorized in one object, occurring in Single feature conditions, in double,

or in triple conjunctions, correspondingly.

Method

Subjects 4 mae and 6 female subjects, aged between 22 and 34 years, mean
age 24 years, participated in the experiment. All had norma or corrected-to-normd
vison.

Simuli The stimuli were the same as used in experiment 3a, i.e. the sample
aray conssted of 2, 4, or 6 rectangles that could differ in the three feature
dimensions of colour (red, green), size (long, short) and orientation (horizontal,
verticd). Thetest display consisted of asingle object at alocation that had been
occupied in the sample array in the respective trid. 50% of the cases were same-trids
and the other 50 % were different-trids in which the test simulus differed in one of
its features from the respective object in the sample display.
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Procedure  Except as noted here, the procedure was the same as in experiment 3a.
The experiment congsted of 6 different blocks with dightly different tasks. In the

first type of blocks (1 — 3) the value of only one prespecified feeture dimension out

of three could change, in the second type of blocks (4 — 5) the vaue of two feature
dimensions out of three could change and in the third type of blocks (6) the vaue of
one of dl three features could change. In particular the Six tasks were as follows.

1) Memorize colour only as only the colour of arectangle can change.
2) Memorize length only as only the length of arectangle can change.
3) Memorize orientation only as only the orientation of arectangle can change.

4) Memorize the vaues of the two feature dimensons colour and length as only
colour or length can change.

5) Memorize the vaues of the two feature dimensions colour and orientation as

only colour or orientation can change.

6) Memorizethe vaues of dl feature dimensions asthe vaue of any dimension

can change.

In the conditions in which more than one feature could change the changesin all
feature dimensions occurred equally often. Session duration was approximately 1

hour.

Design The 6 different tasks were performed in separate blocks. Each of the 6
types of block was repeated 3 times. The 18 (6 x 3) blocks were performed during
three sessons. The order of blocks was baanced among subjects. In conditions 1 — 3
only one fegture could change, in conditions 4 and 5 two of the three festures could
change and in condition 6 any of the three features could change. In each block the 3
st Szes and the 2 same-different conditions required 6 trials for complete
replications. In blocks 1 — 5 there were 20 replications resulting in 120 trids for one
block, i.e. 60 replications of each condition in the 3 repested blocks atogether. In
block 6 there were 21 replications resulting in 126 tridsin one block, i.e. 63
replications of each conditionsin the three repeated blocks altogether. In block 4 the
changes of colour and length occurred equally often. The same holds for changesin
colour and orientation in block 5 and for the changesin dl 3 featuresin block 6.
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Results

For the reasons explained above aso in this experiment d’ - measures were used to
estimate performance. Results are depicted in figures 3.5 a— e. Like in the previous
experiment, dso in this experiment it is evident, that memory performancein
conjunction conditions is not the same as performance in sngle festure conditions.
Thisis again not in agreement with the results of Luck and Voge (1997). Figure 3.5
a shows the performance for the single feature conditions, for the double
conjunctions features, and for the triple conjunctions averaged across dl changesin
the specific feature dimensions. In generd, performance was better in the Sngle
feature conditions compared with the conjunction conditions. However, performance
in double and triple conjunctions do not differ very much. This result is confirmed by
athree-way (task ~ changing feature dimenson ”~ set Size) repeated measures
ANOVA ond' edimates. It reveded a sgnificant main effect of the task (Sngle
feature change, double conjunction change, or triple conjunction change), F(2, 18) =
6.884, p < 0.01. A cdculation of angle contrasts within the condition of different
tasks reveds a Sgnificant difference between the single festure condition and the
condition with double conjunctions, F(1,9) = 5.96, p < 0.05. A highly significant
difference was found between the single feature condition and the triple conjunction
condition with potential changesin any of the three features, F(1,9) = 59.83, p <
0.001). There was no sgnificant difference between the two conjunction conditions.
A smple rationship between the degree of decline in memory performance and the
increase of to be retained features could not be observed. Figure 3.5 b — d shows
memory performance according to the changed feature in single feature, double and
triple conjunction conditions. For colour the difference between the single festure
condition and the two conjunction conditions is very distinct. For orientation it isless
pronounced and in case of length changes no difference can be observed. Thisis
bascdly the same result as has been observed in the previous experiment. Overal
performance according to asingle feature is shown in Figure 3.5 e. In generd, colour
is retained best, orientation is retained less accurately and memory for length is
worst. Thisis confirmed by the satistical analysis which reveds a significant main
effect of the changing dimension (colour, orientation or length), F(2, 18) = 38.94, p <
0.001. Significant interactions were found between the task and the changing
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dimenson (F(4, 36) = 4.7, p < 0.01) and between set size and the changing
dimension F(4, 36) = 7.8, p < 0.001. A highly significant main effect was dso found
for set size (two, four or six objects), F( 2, 18) = 132.54, p < 0.001.

Taken together, the empirica data of this experiment confirm the results from
experiment 4a: Firdly, in line with the data of Luck and Voge (1997) isthe

observation of acongstent set size effect: working-memory performance declines
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with the number of to be retained objects. Secondly and not in agreement with Luck
and Vogd (1997) isthe result that memory performance varies according to the
feature dimendon that has to be retained. Thirdly, and most importantly, in contrast
to Luck and Voge (1997) memory performance is better when only a single festure
of multifeature objects has to be retained compared to memory performancein
conditions when conjunctions of features have to be retained. Thisis clear evidence
againg a drictly object-based storage account of visua working-memory. Thereis
no difference in performance when conjunctions of two festures or of three festures
have to be retained.

Experiment 4

With the result of very good performance in the conjunction conditions Luck and
Vogd (1997) obtained evidence for storage of integrated object representationsin
visud working memory. An dternative explanation, however, would be the use of
completely independent memory systems for each feature type. In order, to find the
appropriate explanation, Luck and Vogel (1997) created objects composed of two
feature values of the same dimension, namely coloured squares with a smdl square
ingde, that had a different colour than the outer square (see figure 3.2). The ability to
store these composite objects was compared to the storage of smple large and of
smple smdl squares, having only asingle colour. If there are independent memory
systems for each dimension, then the storage of colour-colour conjunctions should be
much less accurate than the storage of single feature objects. On the other hand, if
objects are stored as integrated representations, then conjunctions should be retained
aswdl as sngle features. Luck and Voge (1997) obtained the astonishing result of
no difference whatsoever in memory performance between single feature objects and

colour-colour conjunctions (see figure 3.3).

Since the previous results of Luck and Vogd (1997) could not be confirmed,
because the data show costs for binding different features, also differencesin

memory performance should be observed when feature vaues of the same dimension
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are combined. Therefore, it was considered important to assess memory performance
aso in the experiment of Luck and Vogel (1997) in which memory for colour-colour
conjunctions was tested. Hence, the following experiment 5 was conducted which is
areplication of the concerning experiment of Luck and Vogd (1997, or experiment
15 from Vogd et d., 2001). The results of this experiment have been reported earlier
in response to Cowan, 2001 (Schneider, Deubdl, & Wesenick, 2001).

Method

Subjects 2 mae and 8 femae subjects, with a mean age of 23.5 years
participated in the experiments. All had normal or corrected-to-norma vison.

Simuli Three sets of stimuli were used according to the task. In the colour-
colour conjunction condition squares were presented, that were composed of a
coloured larger outer square (0.7° “ 0.7°), and asmaller inner square (0.4°" 0.4°) of
adifferent colour. There were two single feature conditions: In the first condition
large squares were presented, in the second condition just smal squares had to be
retained. Eight colours were used for the objects: red, green, blue, yelow, white,
purple, brown, grey. In adifferent-trid of the conjunction condition only the colour
of the outer or the colour of the inner square changed. The new colour was not
present in that object before, so that the resulting square till was composed of two
colours. Changes occurred in the inner and outer square equally often. The sample
array consisted of 2, 4, or 6 coloured squares that had to be retained. In the test
display al the objects were presented again with a possible change of one object.
50% of the cases were same-trias and the other 50 % were different-trids,

Procedure  Except as noted here, the procedure was the same asin experiment 3a
The experiment consisted of 3 different blocks: The first two blocks congsted of the
sngle feature conditions: In the first block only the larger squares were presented. In
the second block only the smaller squares were presented. The third block contained

the colour-colour conjunctions.

Design Each of the three blocks was repeated 3 times during two sessions.

The order of blocks was baanced among subjects. In each block the 3 set sizesand
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the 2 same-different conditions required 6 trids for complete replications. There
were 144 trids in each block, resulting in 72 replications of each condition in the
three repeated blocks atogether.

Results

Accuracy of performance was measured using % correct data. Since only one
feature dimension wastested ad’ andysis was hot necessary in this experiments.
Results are depicted in figure 3.6. It isimmediately evident, that the performance in
the conjunction condition is draméticaly worse than performance in the single colour
condition. Performance declines with increasing set Size from 84.5 % correct at set
Sze2t0 74.4% at set Sze 4 and 64.0 % at set Sze 6. Performancein the single
feature conditions, which do not differ from each other, is consderably better: For
st Szetwo it is between 93 and 95% correct, for set Szefour it is between 89 and
90% correct and for set Sze Six it is between 79 and 82% correct. A two-way
(condition~ set Sze) andysis on % correct data showed a sgnificant main effect of
condition (large objects, small objects, composite objects), F(2, 18) = 46.03, p <

100
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Figure3.6  Mean accuracy in experiment 4 asa
function of st Sze.
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0.001, and of set size (two, four or six), F(2,18) = 30.73, p < 0.001.

These results are obvioudy different from the results obtained by Luck and Voged
(1997).The replication of their experiment clearly faled. It could be shown that
memory performance for objects composed of asingle colour is considerably better
than memory performance for objects composed of two colours. In fact, memory for
composite objects at set size two — comprisng four colours — is close to memory
performance for smple objects at st size four — comprising aso four colours. This
result is strong evidence againgt integrated object representations. In this specia case
of combining feature values of the same dimension it seems that working-memory
capacity is determined by the number of absolute features and not by the number of
objects.

Discussion of Experiments 3a + b, and 4

Theissue of the current chapter is the nature of visual representations that are
gored in visua short-term memory. By attempting to determine the capacity of the
dore it was necessary to find out what the unit was, with which the capacity can be
measured. In what format isinformation represented in visud short-term memory?
This question touches an issue that iswidely discussed as the binding problem in
vison. In thevisud system incoming information is decomposed into separate
dimensions which are processed in different areas of the massvely pardle bran
(e.g. Livingston & Hubel, 1988; DeY oe & Van Essen, 1988; Desmone &
Ungerleider, 1989; Zeki, 1993; Ungerleider & Haxby, 1994). The binding problem
refers to the question how in visua cognition the ditributed information of
separately coded features are correctly integrated forming arepresentation of a
common object. The binding problem has primarily been investigated in studies on
visua perception, yet the issueis of mgor relevance aso for other levels of cognitive
processing, such asin the present sudy, the short-term retention of visud
information: What are the representationsin visud short-term memory? Are visua
objects stored as integrated wholes, so that objects bound together in the course of
perception remain in this bound state when they are stored in short-term memory?
Another possibility is that object features might be stored separately, and the unit that
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determines the storage capacity being angle features. In this case amechaniamis
needed that processes these representations and link the features that belong to the
same object when the information is needed.

Attentional account of binding: Feature Integration Theory

In perception, attention is proposed to be such a mechanism by which binding is
accomplished. A well known psychologica theory which gives an atentiond
account of binding is feature integration theory (FIT) of Anne Treisman and
colleagues (e.g. Treisman & Gelade, 1980; Treisman 1988, 1998, 1999). It explains
how visua objects are correctly perceived and how miscombining features that
belong to different objects is prevented. According to FIT, information that is
perceived form our visud environment isinitialy stored in severd independent maps
of primitive features. Focussed attention is seridly applied to spatia locations and
features from different maps that belong to the same object are joined together
through their shared spatid location. Without focussed attention there is no
connection between features from different maps and it is possible that accidenta
miscombinations of features that belong to different objects, dso called illusory
conjunctions, can occur. When the features of one object are bound together by
attention they are then entered into updatable object files (Kahneman, Treisman, &
Gibbs, 1992) which preserve the identity of objects across space and time, i.e. dso
when the object moves or when its properties change. Whenever attention is
alocated to an object always dl features of that object are available without
additiona cogt. Thus the experience of stable and unitary objectsin our visud
environment is guaranteed.

Physiological account of binding in visual perception: Elevated neuronal firing rates

and synchronous neural firing

Thereis physiologica evidence that is consstent with FIT. Neurona responses
are modulated by attention: when an object isin the focus of attention. Neurons that
belong to features of this object fire a a higher rate than neurons of features that
belong to unattended objects. In generd, attentional modulation of neurd activity can
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be observed in mogt areas of the visud cortex, with increasing attentiona influence
from primary visua cortex to extradriate areas. Alo, attentional modulation is
stronger when besides the attended stimulus an unattended simulusis present in the
receptive fild (Treue, 2001). Early studies on the operation of attention in macague
visua cortex (Moran & Desmone, 1985; Luck, Chdazzi, Hillyard, & Desimone,
1997) have shown that information from ignored locations is suppressed in visud
areas with large receptive fidds (V4 and I T) in which the probability of

miscombining features that belong to different objectsis high. Suppresson isfound
only when attended and unattended locations are both inside the receptive field of the
neurons studied. When only one stimulus was ingde the receptive fidd — aStuation

in which awrong combination of feetures of different object is unlikely — there was
no suppression. Elevated firing rate of neurons that code the features of objects have
aso been obsarved in single unit recordings of monkeys (Fuster & Jervey, 1981,
Miller, Erickson, & Desmone, 1996) and in functiona imaging of humans (Cohen et
a., 1997; Courtney et d., 1997). However, this account is not sufficient to explain
binding when more than one object is attended: When the number of attended objects
Increases within the receptive field dso the number of neuronsthet fire at an elevated
rate increases and miscombinations of features that belong to different objects are
likely. An additiond binding mechanism has been proposed, namely synchronized
neural firing of neurons that represent feetures of the same object (Gray et d., 1989;
Hummed & Biederman, 1992; von der Masburg, 1981; Niebur, Koch, & Rosn,
1993; Schneider, 1995; Singer; 1989; Singer et d., 1997; Singer & Gray, 1995). The
temporal tagging hypothesis (Eckhorn et d., 1988; Mozer et d., 1992; Gray et d.,
1989) suggests that neurons, that code the features of an object, form acell assembly
(Hebb, 1949) as a processing unit which has two output values The firg isthe
activation level, which is determined by the firing rate, and indicates whether a
specific feature is present in an object. The second vaue, achieved by
synchronization, is atag, that marks the object to which that feature belongs.

Physiological account of binding in working-memory: Luck and Vogel (2001)

The behavioura data of Luck and Vogel (1997) and Voge et d. (2001),
respectively, aswell asthe data of the present work, have shown that memory
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performance is about the same for objects that consst of a single feature and for
multifeature objects, in which the objects can even be composed of feature values of
the same dimension, namely two colours. This means that memory performance a a
given set size does not depend on the number of features that make up an object.
However, a clear effect of memory performance is observed when the number of the
objects that have to be remembered is varied: With increasng set size memory
performance declines. From the experimental data a working-memory capacity of
approximately 3 — 4 objectsis caculated. In short, the capacity of working-memory
is determined by the number of objects that have to be stored, independent of the
number of features that characterize the objects. Vogd et d. (2001) givea
physiologicd explanation of their data. and of binding in working-memory. They
suggest that synchronized neurd firing and devated neurond firing rates, that have
been proposed for binding in object identification (Gray et . 1989; Humme &
Biederman, 1992; Niebur, Koch, & Rosin, 1993; von der Malsburg, 1996), make up
the two components of a smilar mechanism responsible for binding in working-
memory. Thismodel, according to Vogd et d. (2001), can provide an explanation
for the limited storage capacity: In coding objects by synchronization accidental
synchronizations can occur, which means that neurons coding different objects may
by coincidence fire a the same time. As a consequence distinct object
representations are not as separate any more and the coding can become ambiguous.
The probability of accidenta synchronization increases with the amount of multiple
objects that are coded in pardld. Thus, with the increasing number of objects the
quality of representation degrades. This corresponds to the observation that memory
performance declines with increasing set Sze. The suggested mechanism, according
to Vogd et d. (2001) dso provides an explanation for the fact, that memory
performance was not affected by the number of object features: The neurons that
code the features of an object dl firein synchrony forming acell assembly. The
number of neurons that condtitute a cell assembly has no effect on the probability

that this cell assembly would fire a the same time as another cdll assembly. Hence,

an unlimited number of features could be confined in one object.
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Evidence for binding costsin visual short-term memory

The main outcome of the experiments of the present chapter (3a+ b and 4) isthat
it was not possible to exactly replicate the experimenta results of Luck and VVogd
(1997), which didn't reved any differences between the single-festure and the
conjunction conditions. Neither could their results be confirmed that there are no
differencesin performance between the feature dimensions. Instead, the present data
apparently show processing costs when subjects were required to retain severa
features of an object and not just one. Experiments 3a and 3b showed that the ability
to retain afeature of an object is significantly better when this feature is the only one
that has to be remembered in an object compared with the case that the task requires
to retain additiona features. In addition, the present data suggest differencesin the
capacity for different features. Colour is retained best in both experiments, length is
the mogt difficult and orientation being in between (seefigures 3.4 and 3.5).

By these findings the claim of Luck and Vogd (1997) isdearly fdsfied thet in
working memory at least up to four features can be linked together in a single object
representation with no costs at dl in terms of storage capacity. On the contrary, the
data show that besides the severe limit on the number of objects that can be stored
(which isin agreement with Luck and VVoge’ s results) there are also storage
limitations with respect to the number of task relevant features that compose each
object. Nevertheless, there neither is evidence for the aternative hypothesis devised
by Luck and Vogd that impliesthat the visud working memory capecity is defined
by the number of features present in the objects. The results suggest that the capacity
iscearly not defined by the number of features, but till might principaly be rdated
to whole objects as the relevant unit: For example in experiment 3aat set Szetwo in
the conjunction condition four features are distributed across two objects. If features
were the unit of working-memory that measure capacity, then performance of two
objects in the conjunction condition should be approximately the same as four
objects in the Sngle feature condition. Thisis not the case: it is consderably better.
Therefore, it has to be concluded that storage capacity of visua short-term memory
isindeed essentidly related to the number of objects. However, if the object is
composed of more than one festure, then there are processing costs for confining the

features that belong to that object. Because of these binding costs memory
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Figure3.7  Different arrangements of bicoloured squares that have been
used in the sudy by Wheder and Treisman, 2002.

performance declines when more than one feature has to be retained in one object
and binding information is needed to solve the task. However, an important specia
case is the condition in which an object conssts of features of the same dimension.
Contrary to the results of Luck and Vogd large differences in memory performance
was found when objects of only one colour had to be retained compared with objects
that were compaosed of two colours. In fact, the decline in memory performance by
adding a second colour to an object were comparable to the effect of adding a second
object in the single colour condition. The present experiments show, thet the ability

to retain one object of two colours is comparable to the ability to retain two objects
that have a single colour. This means that there are moderate costs for binding
features of different dimengonsin one object. But binding costs for features of the
same dimension are consderably larger. Adding a second feeture of the same

dimension costs as much as adding a new object.

Experimental evidence that support the present view and that are in agreement
with the present data have recently been obtained by Wheder and Trelsman (2002)
and confirm an earlier report of the present data (Schneider, Deubel, & Wesenick,
2001). In their experiment 3 Wheder and Treisman (2002) attempted to replicate the
concerning experiment of Luck and Vogd (1997), in which objects of two colours
had to be retained. They failed to observe equa performance in retaining the
different kinds of stimuli. Instead, their results are very smilar to the outcome of the
present experiment: Retention of large and smal squares of a smple colour is about
equd. But the retention of bicoloured squares is much worse than the retention of
single coloured squares. In their experiment 2 Whedler and Treilsman (2002) even
tested different arrangements of bicoloured squares (see figure 3.7). For al different
designs they obtained the same result: Three objects, composed of two colours, were
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retained aswel as Sx sngle-coloured squares. It is not clear why there was a
different outcome in the experiment of Luck and Voge (1997). Still, it seems evident
that bicoloured squares are not retained as integrated objects, but that within the
dimension of colour, capacity is limited by the number of colours that have to be
retained.

In their sudy Whedler and Treisman (2002) propose two separate mechanisms
for the storage of informetion in visud short-term memory. Thereis one mechanism
that limits short-term visua memory for features on the one hand and a second
mechanism for bindings between these features on the other hand. Firdly, it is
supposed that feature vaues from different dimensons are sored in pardld in
separate dimens on specific caches. Each feature dimension may have its own
cgpacity limit, independent from other features. Within a dimengon the features
compete for limited capacity representation, but between dimensonsthereislittle or
no competition. The limited capacity is assumed to comprise three or four items. And
secondly, binding information can be retained and costs only little in terms of festure
cgpacity. But it depends on other limited attention resources. The authors o give
an account for binding on the neurd level. Following Singer et d. (1997; Singer &
Gray, 1995) they propose that binding is maintained by synchronous neurd firing.
When binding is required those brain areas were recruited that are involved in
focusing atention in visua perception tasks. It is proposed that binding in visud
memory requires the maintenance of focussed atention over the delay. Selective
gpatid attention might thus be the rehearsd mechanism for spatia working memory.
Wheder and Trelsman (2002) speculate that in thisway some of the same
mechanisms that areinvolved in visud perception are aso involved in visud
working memory.

In his neuro-cognitive theory on visuo-spatia working memory Schneider (1999)
(see chapter 1) designates an object file to be the perceptua unit that is aso
processed in visud working memory and determines its capacity. According to
Schneider (1999) visuo-spatiad working memory consists of up to four object files.
These object files contain temporary episodic representations of detailed high-leve
attributes of the regarding object and an index. The index contains temporary
information about the attributes of the concerning object and is thus carrying the
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binding information. Schneider (1999) suggests that the representation of multiple
objects and the correct binding of their attributes on the neura level is achieved by
tempora coding (referring to Milner, 1974; von der Masburg, 1981; Singer, 1989,
Goebd, 1991; Schneider, 1995; Singer et d., 1997). The neurons representing the
object files that are hold active in working memory fire a different time dices, thus
retaining and segregating the objects. The activation of an object fileis represented
by the activation of itsindex. From thisit follows that Smilar to the view of Wheder
and Treisman (2002) aso Schneider (1999) assumes two components of the units of
visud short term memory: the atributes of an object and an index. It isin agreement
with his theory that possibly alarge number of features can be confined in one object
without large storage costs. The separate features each may have different storage
capacities. Binding is achieved by the index of the object file. Therefore, the
additional processing cogts could be attributed to the need of retaining these binding
information by the index.

In summary, the present data show that in principle the capacity of visua
working-memory relates to objects as the unit of the store. However, there are
binding costs when more than one feature in an object has to be stored in visud
working memory. The separate features each may have different storage capacity.
When two features of the same dimension have to be retained in one object, then
memory capacity relates to the number of different features. The dataarein
agreement with the theoreticd view of Wheder and Treisman (2002) and aso of
Schneider (1999). Both views imply two storage mechanisms. firdly, the storage of
attributes of an object, and secondly the storage of binding information. The storage
of an object feature has costs and there are additiona costs, when binding is required.
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Chapter 4

LIMITATIONS DUE TO
RETRIEVAL PROCESSES

Introduction

The present chapter is dedicated to the issue of how information is retrieved from
visud short-term memory (VSTM). How are the visud representations thet are
temporarily stored in VSTM accessed and retrieved for further processng? Memory
performance might depend on the precise conditions for retrieval. In certain
environments information can be retrieved eadly, when sufficient retrieva cues are
present and disrupting factors are minimal. In other environmentsretrieva islargdy
disturbed. It isan am of the present research on VSTM to find out about the factors
that can disrupt or help retrieva. An example for factors that can disturb the retrievd
process are multiple trangents that are caused by a blank interva between two
displays (Phillips & Singer, 1974; Stelmach et d., 1984; Becker et d., 2000). On the
other hand, observers benefit from a postcue in studies with a change detection task
in natural scenes (Simons et d., 2002; Hollingworth, 2003). Changes can be detected
more reliably when a cue marks the changed item, which is explained by the fact that
retrieval and comparison could probably be limited to the target object. However, in
other studies no such advantage from a postcue was found (Becker et a., 2000;
Landmann et a., 2003).

The question of how information is retrieved from VSTM is not only interesting

for itsown sake. It isaso of relevance for an understanding of other aspects of visud
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short-term memory and of the nature of short-term visua representations. For
example, in order to estimate VSTM capacity it has to be considered that the
observed limitations could partly be attributed to limitations in the retrieva processes
and not to actua torage limitations done. Thus a more accurate estimate of the
storage capacity can be obtained if the limitations that are due to retrieva are known.
In arelated area, in research on visua persstence, different results according to the
way memory was tested |ead to conclusions on the amount and the nature of the
gtored information (Sperling, 1960): Memory performance was very limited when
the whole report technique was applied. However, testing memory using the partia
report technique has lead to an estimate of unlimited storage capacity. The discrepant
result is due to the nature of very short-term visud representations. Sensory
persstence decays very rgpidly during the first few hundred milliseconds and is
therefore not available long enough for the subject to solve the experimentd task in
the whole report procedure. This example shows that by applying different methods
In memory testing important conclusions on the nature of visua representations can
be drawn.

In the context of the present study, in which a change detection task was used,
focus was a pecific agpect of working memory retrieva: How is the information that
isgtored in VSTM compared with the online perceptua information? Isthere an
item-by item comparison to decide whether the visua objects in memory and the
objects currently observed on the computer screen are the same or different? Or is
the change detection task solved in a different way? Isthe retrieva process limited to
acertain number of comparisons or to the amount of to be compared informetion?
Thiskind of question has aso been applied e.g. to visud processing of perceptud
information. In research on visud atention extensve condderations have been made
on the way objects from multi-element displays are selected. Observations from
visua search experiments have lead to a mgor debate on whether information is
processed seridly, in an item-by-item search, or whether it is processed in pardle. A
further aspect that isrelevant in this context is the role of spatia locations. Are visud
objects accessed for comparison viatheir locations or is the access object-based? The
distinction between objects and |ocations as preferentia unit for further processng is

dso wdl known from research on visud attention. Thereis an extensve debate on
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whether objects or spatid locations are selected by attention. Space-based accounts
Suggest that attention is alocated to spatia regions. Objects, that are located in this
attended region are selected for further processing (Eriksen & Y eh, 1985; Posner,
1980). Conversaly, object-based accounts claim that attention is directed to
integrated objects (Duncan, 1984; Kanwisher & Driver, 1992; Kahneman, Treisman,
& Gibbs, 1992).

Experiment 5

In thisfirgt experiment on memory retrieva subjects performed a change
detection task with four different retrieval conditions. Like in the previous
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Figure4.1  Examplesof thefour different test displays used in experiment 5.
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experiments subjects were shown an array of four rectangles which were composed
of different colour and orientations. The task was to retain these objects across an
interval of 2 seconds. Then atest display appeared and subjects normally had to
decide whether there was an item that was different compared to the respective item
stored in memory. In order to Study retrieva processes the test display was varied in
four different blocks (refer to figure 4.1). By the different experimenta

manipulations it was examined how the comparison between memory content and
perceptud information is accomplished. In afirst condition in the test display the test
objects occurred at the same locations where the respective objects had been shown
shortly before in the sample display. One of the objects could change, the other
objects remained the same. This condition was labelled the whole test array — detect
change condition. If thereisa serid itemby-item comparison in retrievd, then every
object that is stored in VSTM would be compared with the respective item in the test
display. When a change is detected the response is given. In a second condition the
sructure of the test display was varied. Only one item was now presented & a
location that was previoudy occupied in the sample display. This object was either
the same as the item shown before &t thet location or it differed from it in one of its
features. This condition was labelled the single test item condition. If a serid item-
by-itern comparison to find the changed item is assumed, then this second condition
should be easier than the whole test array condition, sncein the single test item
condition the critica item is dready provided in the task. It should be sufficient to
compare just the critical item with the respective item in memory. In other words,
decisons processes are reduced by this technique and therefore better performance
has to be expected in the single test item condition. (For a discussion on the problem
of decision processesrefer to, e.g., Pamer, 1990, 1995; Pamer, Ames, & Lindsey,
1993, Shaw, 1980). In athird manipulation again only asingle test item was
presented. But thistime it was shown in the centre of the screen and not a one of the
positions of the sample objects. This condition was labelled the central test item
condition. This manipulation was introduced to learn more about how the critica
object isaccessed in VSTM for retrievd. 1t could be accessed by its location, which
may be coded in an object file. If it is preferentidly accessed by itslocation, then
subjects should be better in the single test item condition compared with the central

79



Chapter 4: Retrieval

test item condition, because in the single test item condition a Sngle comparison of
the critical item with the respective item in the sample display is sufficient for the

task. In contrast, under this assumption in the central test item condition the test item
would have to be compared with every item from the sample display until the change
is detected. In this case up to four comparisons are necessary to solve the task.
Therefore, performance would be worse than in the single test item condition. In the
fourth manipulation in hdf of thetrias al four rectangles changed in one of their
features. In the other half al objects except one changed. The task was to detect an
object that matched the object that was located at the respective position in the
sample display. This condition was |abelled the detect match condition. This means
that for memory testing the task was not to search for a changed object as before, but
for an unchanged object. Under the hypothesis, that sample and test display are
compared seridly in an item-by-item manner, the result of the comparison should not
influence the procedure. It should be just the same to search for amatching item or a
changed item. Therefore, performance in the whol e test array — detect change and

the detect match conditions is expected to be smilar.

Method

Subjects 11 subjects (6 females, 5 males), aged between 22 and 41 years
(mean age: 25) participated in the experiment. All had norma or corrected-to-normd
visgon. All subjects were naive with respect to the purpose of the experiment. They

were paid for their participation.

Simuli Except as noted here, the stimuli were the same asin
Experiment 1. The sample array consisted of 4 rectangles which dl had the same size
(0.34 ° x 1.34°) but differed in colour (red, green, blue, ydlow, purple, white) and
orientation (horizontd, verticd, left and right oblique). There were 4 types of the test
display. For details refer to the subsection Procedure below.

Procedure Except as noted here, the procedure was the same asin
Experiment 1 (refer to figure 1.7). The display time of the sample array was 400 ms.
The interva between the sample array and the test array was 2000 ms. There were 4
blocked conditions in which the test display varied. In conditions 1 — 3 subjects
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aways had to respond to adifference in the test digplay with respect to the sample
display. In condition 4 subjects had to respond to a match of one object in the test
display with the object that had been seen at that location in the sample display.
More pecificaly:

Condition (1) Wholetest array — detect change: The test digplay was of the
same gructure as the sample array. The same number of objectsasin the
sample array occurred a the same locations. In the “ same’ - condition the test
display was exactly the same as the sample display. Subjects were instructed

to press the right mouse button in this case. In the “ different”-condition the

test display differed from the sample digplay only in one object that changed
ether in colour or in orientation. Subjects were ingtructed to press the left

mouse button in this case.

Condition (2) Sngle test item: The test digplay consisted of onerectangle at a
location that had been occupied in the respective sample array. In the “same’-
condition this object was exactly the same as the object at that location in the
sample display. Subjects were ingtructed to press the right mouse button in

this case. In the “different” - condition the object in the test display differed

from the respective object in the sample display in one feature — e@ther in

colour or in orientation. Subjects were ingtructed to press the left mouse

button in this case.

Condition (3) Central test item: Thetest disolay conssted of asingle object
that occurred in the centre of the screen. In the “same”-condition this object
has been shown before somewhere in the sample display. Subjects were
indructed to press the right mouse button in this case. In the “different”-
condition the object in the test display was not present in the sample array.
Subjects were ingtructed to press the left mouse button in this case.

Condition (4) Detect match: The test display was of the same structure as the
sample array. The same number of objects as in the sample array occurred at
the same locations. In the “match” -condition the test display consisted of one
object that was exactly the same as the object a that location in the sample
display while the other three objects al changed either in colour or in
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orientation. Subjects were ingtructed to press the right mouse button in this
case. In the “mismatch” -condition the test display differed from the sample
display in dl four objectsthat al changed ether in colour or in orientation.
Subjects were ingtructed to press the left mouse button in this case.

Subjects were asked to respond as correctly and as quickly as possible. In case
they were not sure about the right response they were instructed to guess. Sesson
duration was approximately 1 hour. In case of afase response subjects received a
feedback tone.

Design The four test display conditions were performed in four
separate blocks of 80 trials each, which were generated at random. The subjects
performed each of the four blocks once during one session. |.e. there were 40
complete replications of the 4 test display conditions and the 2 same-different (or
match-mismatch) conditions. The order of blocks was balanced among subjects.

Results

Accuracy of performance was measured using % correct. Results are shown in
figure 4.2. Thereis no difference in memory performance according to the retrieval
condition except for the detect match condition (56.5% correct, MSE, 2.1), which is
consderably worse than the other conditions (75.4 — 78.6 % correct). Thisresult is
confirmed by datigticd andyss. A one-way repeated measures ANOVA on
performance data (% correct) reveded a Sgnificant main effect, F(3, 30) = 23.6, p <
0.001. A reversed Helmert contrast showed a significant difference when the effect
of the detect match condition was compared to the mean effect of the three other
conditions, F(1,10) = 103.1, p < 0.001. Pairwise comparisons (with Bonferroni
adjustment for multiple comparisons) among these last three conditions did not show

aggnificant difference.

More specificaly the results show, that firgtly, there isno differencein
performance in detecting a change whether the whole display is presented or only the
criticd item. This means that, dthough in the whole display condition no information

Is given on the location of the critica item, performanceisjust as high asin the
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single test item condition when this information is provided by removing the
irrdlevant objects. Thisisaresult of fundamental importance. Together with further
evidence from the current series of experimentsit formsthe basis of the present view
on VSTM retrievd. In anticipation of amore degper discussion, the view devel oped
here shdl briefly be outlined at this point aready, because the line of argumentation
in the successon of the following experiments will become more lucid for the reeder.
So, how can the result of asmilar performance in the single test display vs. the whole
test array conditions be explained? The assumption of an item-by-item comparison
does not fit with this result, because in this case lower performance in the whole test
array condition is expected. It seems that the location of the change can be found
very efficiently and without an error-prone and time consuming comparison process.
Thisfinding can be explained by assuming that the location of the change is directly
indicated, perhaps by a specific Sgnd pointing to the local change. To refer to this
signa the concept of a change signal wasintroduced, that indicates the location of
the change. The change signal is dicited by amismatch between the information
stored in VSTM and the perceptua online information. The change signal can be
processed by the cognitive system in an efficient way, so thet a serid item-by-item
comparison for retrieving the memory information is not necessary to solve the task.
It isfurther suggested that the mechanism that is attracted by the change signal and
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Figure4.2  Mean accuracy according to the four different retrieval
conditionsin experiment 6: (1) Whole test array — detect change, (2)
Singletest item, (3) Central test item, (4) Detect match.
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which leads to further processing is an atentiond mechanism. So by amismaich
between a memory item and a corresponding item that is currently perceived, visud
atention is drawn directly to the critica item 0 that the change can be detected. In
the following the concept of the change signal and some of its characteristics will be
specified in more detail.

Secondly, the results of the present experiment show, that thereis no difference
in performance for detecting a change whether the single criticd item is presented at
itsorigind or at adifferent location. It was predicted that performance is lower,
when the information on the location of the critical item isremoved. Obvioudy the
task can be performed equally wdl without the information where the criticd item
was located in the memory set. So the hypothesis that information stored in VSTM
can effectively be accessed exclusively by the location of the critical object was
rejected.

Thirdly, it can be taken from the results that there is a Sgnificant dedinein
performance when the task isto find a matching object in the display among
irrelevant objects that al changed. If VSTM retrieva aways would be accomplished
by aserid item-by-item comparison then performance should be smilar to the
performance in the detect change task as explained above. So adso these results
suggests that thereis no serid item-by-item comparison in the detect change task.
However, the results can be explained by the proposed mechanismin VSTM
retrieva that makes use of achange signal: On atrid with amatching object there
are aso three objects that have changed. So in three locations there are mismatches
between memory objects and perceived objects which dl dicit achange sgnd. In
this case a change signal can no longer be used to solve the task efficiently, because
it points to three possible targets. Instead, now the matching item has to be searched
for by an item-by-item comparison. It may be assumed that this comparison process
engages visud atention. Visud attention has been aso suggested to be the
mechanism that holds the information active in VSTM. So when the comparison
process employs visud attention it is disengaged from the rehearsal process.
Therefore, by comparing one item from memory the other itemsin memory are lost
from VSTM by overwriting or decay. The observed very low performance of only
56.6% correct responsesin the detect match condition fits very well with this view.
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The performance rate is right above the guessing threshold of 50% and suggests a
memory capacity of one item. So if the critica item isthe firgt item to be compared a
correct response is possible. If one of the digtractor itemsis the first object to be
compared the correct answer can only be guessed, because the criticd information is
aready lost and cannot be extracted any more.

Experiment 6

We assumed that in the detect match condition of the previous experiment the
task could not be solved efficiently, because it was not possible to make use of the
change signal in order to reiably find the target item. In the following experiment it
is tesedt whether performance in the detect match condition would be higher, if the
information on the critica item is provided by alocation cue. So, Smilar to usng the
change signal in the detect change condition of previous experiments, as a subgtitute
the cue might be used to solve the task in the present experiment. The task of the
present experiment was again to decide whether the test display contained an item
that has been shown at that location in the sample display or whether dl items
changed (detect match). In part of the trids a cue indicated the location of the critica
item. Cue onset time was varied: The cue could occur ether a some points within
the retention interval, or together with the test display, or after the test display
appeared.

Method

Subjects 6 subjects (5 femaes, 1 mae), aged between 19 and 27 years
(mean age: 23) participated in the experiment. All had norma or corrected-to-normd
vigon. All subjects were naive with respect to the purpose of the experiment. They
were paid for their participation.

Simuli Except as noted here, the stimuli were the same asin

Experiment 1. The sample array conssted of 4 rectangles which dl had the same size
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(0.34 ° x 1.34°) but differed in colour (red, green, blue, yellow) and orientation
(horizontd, verticd, left and right oblique). The test display corresponded to the
detect match condition of the previous experiment (Experiment 5).

Procedure Except as noted here, the procedure was the same asin
Experiment 1. The display time of the sample array was 400 ms. The interva
between the sample array and the test array 2000 ms. The test display corresponded
to the detect match condition of the previous experiment. However in two thirds of
the tridls a cue appeared. The cue conssted of adot that marked the location of the
critical item. The cue ether occurred within the retention time with a cue onset time
of -800, -400, -200 or -100 ms with respect to test display, at the same time with the
test display (cue onset time: +/- 0 ms) or after the onset of the test diplay with acue
onset time of 100, 200 or 400 ms. In dl casesthe cue stayed on the screen until the
subject pressed the mouse button for the match-mismatch decision. Subjects were
asked to respond as correctly and as quickly as possible. In case they were not sure
about the correct response they were instructed to guess. Session duration was
approximately 1 hour. In case of afase response subjects received a feedback tone.

Design The nine different conditions were presented a random. One
block consisted of 120 trias which were generated at random. In each block the 8
cue conditionsin which amatching item was either present or not were repeeted 5
times. The conditions without cue in which aso either amatching item was either
present or not were repeated 20 times. Each block was performed eight times by each
subject, yielding 80 data points for each cue condition and 320 data points for the no-

cue condition.

Results

The results (% correct) of the experiment are illustrated in figure 4.3.
Performance is shown as a function of cue onset asynchrony (COA) with respect to
the test display. The vertica dotted line marks the point in time when the test display
was shown. Negative COA vaues refer to cuesthat are given before the test display
appears, positive COA vauesrefer to postcues. At a COA of zero the cue appears at

the same time as the test display. Performance for the conditionsin which no cue was
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presented (60.4 % correct, MSE 2.3) is depicted by the dashed horizontd line. A
one-way ANOVA for repested measures, shows a highly significant main effect of
COA, F(8, 40) = 14.0; p < 0.001. A calculation of smple contrasts between
performance at a COA of —800 msand al other conditions shows no significant
difference to performance at a COA of —400 ms (F(1,5)=1.7, p = 0.25), but between
—800 ms and every other conditions (p < 0.01 in all cases except for COA —100 and
+200 where p < 0.05). A cdculation of smple contrasts between the condition
without a cue and the cued conditions shows that there is no sgnificant difference
when the cue is presented after the display (p > 0.05 in dl cases), but a sgnificant
effect of the cue for dl other cases (p < 0.01; except COA =-200 ms. p < 0.05).

test display
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Figure4.3  Mean accuracy as afunction of Cue Onset Asynchrony in experiment
6. IS between sample and test display was 2000 ms. The vertical dotted line marks
the point in time when the test display was shown. The horizonta dashed line
indicates memory performance without cue. Data points which are marked with the
same letter are gatigticaly not sgnificant from each other. Different lettersindicate
datidicd sgnificance.
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In summary, the cue can help to solve the task aslong asit is not presented after
the test display has appeared. The cue helps more when it is presented some time
before the test display (400 ms or more) aswhen it is presented only shortly before
ore smultaneoudy with the test display (—200, —100, or +/- 0 ms).

Experiment 7

The following experiment takes up issues from experiment 5. In the conditionsin
which only asingle test item is presented it was observed that it gpparently did not
matter, whether thistest item was presented at its origind locetion or in the centre of
the screen. This haslead to the conclusion, thet retrieval does not exclusively rely on
location information and even may not need location information at dl. The
comparison of what has been stored in memory and what is currently perceived may
be object-based and only relate to properties of objects such as colour, form or
texture, but not location. This would aso mean that the proposed change signal
relatesto objects. It is dicited when feature information, that could be stored in an
object file, of the objects stored in memory does not match the features of the
currently perceived object. Therefore, memory performance was tested in a change
detection task with asngle item located ether at itsorigind location (single test item
—old location condition), or at alocation different from its old location, namely a
the position of one of the other objects that had been shown (single test item —
changed location condition) or a acompletely new location (single test item — new
location condition). A difference between a swap of old locations and new locations
was made to take into account the possibility that new information could overwrite
old information when it appears a previoudy occupied locations, and in contrast old
information would be preserved when new information would appear at different
locations. Memory retrieval was tested in three further conditions in which the full
st of objects was presented. In one condition, which was |abelled the whol e test
array — old locations condition, the items occurred &t their old postions. In afurther
condition, which was labelled the whole test array — changed |ocations condition, the

items swapped their locations. In alast condition (whole test array — new locations
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condition) the items in the test digplay appeared a completely new locations. (Refer
to figure 4.4 for examples of the different test digplays.) In dl six conditions subjects
had to perform a change detection task

Method

Subjects 11 subjects (7 females, 4 males), aged between 22 and 34 years
(mean age 27 ) participated in the experiment. All had norma or corrected-to-norma
vigon. All subjects were naive with respect to the purpose of the experiment. They

were paid for their participation.

Simuli Except as noted here, the stimuli were the same asin
Experiment 1. The sample array conssted of 4 rectangles which dl had the same size
(0.34 ° x 1.34°) but differed in colour (red, green, blue, yelow, purple, white) and
orientation (horizonta, verticd, left and right oblique). There were two types of test
displays, namely awhole test array, and asingle test item. For details seebelow in
the next section on the procedure.

Procedure Except as noted here, the procedure was the same asin
Experiment 1. The display time of the sample array was 400 ms. The interva

between the sample array and the test array 2000 ms. There were two types of blocks
that differed with respect to retrieval conditions (see figure 4.4). In one block the

three single test item conditions occurred randomly, in the second block the three
whole test array conditions were randomly presented. More specificaly the

conditions were as follows

Condition (1) Sngle test item—old location: The test display contained only
one item. In the “same’-condition the test item was exactly the same as
the item that had been presented at that location in the sample display. In
the “ different” - condition the test item differed from the respective itemin

the sample digplay ether in colour or in orientation.

Condition (2) Single test item — changed location: Thetest digplay contained
only oneitem. It occurred at alocation that had previoudy been occupied
by the objects of the sample display. In the “same’ - condition the test item
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was exactly the same as one of the itemsthat had been presented in the
sample display. In the “different” - condition the test item differed from the

itemsin the sample display ether in colour or in orientation

Condition (3) Singletest item— new location: The test display contained only
oneitem. It occurred a alocation that was empty in the sample display. In
the “same’-condition the test item was exactly the same as one of the
items that had been presented in the sample display. In the “different”-
condition the test item differed from the itemsin the sample display either
in colour or in orientation.

Condition (4) Wholetest array — old locations: The same number of objects
where shown asin the sample array. The objects occurred at the same
locations. In the “same’-condition the test display was exactly the same as
the sample display. In the “ different” - condition the test display differed
from the sample display only in one object that changed either in colour

Or in orientation.

Condition (5) Wholetest array — changed locations: The same number of
objects where shown as in the sample array. The objects occurred at
locations that had been occupied before. However, al objects swapped
their locations, so that every object occurred a anew position. Inthe
“same’-condition the test display contained exactly the same objects as
the sample display, but they gppeared a changed locations. In the
“different”-condition again dl objects interchanged their locations, in

addition one object changed ether in colour or in orientation.

Condition (6) Whole test array — new locations. The same number of objects
where shown as in the sample array. The objects occurred at completely
new locations that had not been occupied before. In the “ same’-condition
the test display contained exactly the same objects as the sample display,
but their appeared at new locations. In the “different”-condition again al
objects changed to new locations, in addition one object changed either in

colour or in orientation.
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Inthe single test item conditions subjects were ingtructed to press the right mouse
button if they have seen the test item anywhere in the sample display before. They
were asked to press the left mouse button if the test item had not been shown before.
In the whole test array conditions subjects were instructed to press the right mouse
button, if al the objects that were initidly presented were shown again at test
irrespective of their location. They were asked to press the left mouse button if anew
object occurred in the test display. Subjects were asked to respond as correctly and as
quickly as possible. In case they were not sure about the correct response they were
instructed to guess. In case of afase regponse subjects received afeedback tone.
Session duration was gpproximately 1 hour.

Design The sx test digplay conditions were performed in two separate
blocks. One type of block contained the three single display conditions (1 — 3), the
other type of block contained the three whole test array conditions (4 — 6). In each
block tridsinwhich al stimuli occurred a their old positions (1 or 4, respectively)

and those in which stimuli either swapped locations or occurred a completely new
pogitions (2 and 3 or 5 and 6, respectively) were presented equally often. Also
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Figure4.4  Examplesof the sx different test digplays as have been
used in experiment 7.
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change and non-change trids occurred equally often. Each block conssted of 112
trials which were generated at random. The subject performed each of the two types
of block three times with ether the three Sngle test item blocks first or whole test
array blocksfirst. This order was balanced among subjects. There were 42
replications of the conditions 2, 3, 5, and 6, in which the stimuli either swapped
locations or appeared at new locations. 84 replication of conditions 1 and 3 were run
for each subject, in which objects occurred at their origind locations. The experiment
was performed in one sesson which lasted approximately 90 minutes.

Results

Reaults of performance (% correct) are shown in figure 4.5. Firdly, it can be seen
that there is no difference in performance between the three single test item
conditions (conditions 1 — 3). Furthermore, also performance in the whole test array
condition in which objects occur at ther origina locations (condition 4) isthe same
asthe single test item conditions. However, when locations are changed in the whole
test array conditions (conditions 5 and 6), memory performance is severely
degraded. These results are confirmed by datigtical andyss: A one-way ANOVA for
repeated measures shows a highly significant main effect of display type, F(5, 45) =
16.8; p < 0.01. Smple contrasts show no significant difference between condition 4
(wholetest array — old locations) and the three single test item conditions (conditions
1- 3, for dl comparisons p > 0.1). However, ample contrasts show a highly
ggnificant difference between the whole test array condition in which the items
occur a their old locations (condition 4) and the two conditions in which the items

occur at other locations, (conditions 5 and 6, for both comparisons p < 0.01).

So firdly it can be observed that when only asingle test item is presented
performance does not depend on the location of this singleitem. It does not make a
difference whether it is presented at its origina location or at another pogtion. With
thisfirst result the outcome of experiment 5 is confirmed in which aso found no
difference in performance was found when the location of the Sngle test item was
changed. It can be concluded that discrepant location informeation of asingle test
item does not disturb retrieva. Information in VSTM is not exclusively accessed by
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location information. When only a single item has to be found in memory then

obj ect-based information is sufficient to solve the task. However, a second result is
thet retrievd isindeed disturbed when in awhole test array the items from the
sample display are shown at different locations when memory is tested. Location
changes of remembered objects degrade memory performance for object identity.
With this second result the nature of the hypothesized change signal can further be
specified: If in multi-element displays the objects occur at new locations severa
change signals areinduced, o that an efficient comparison of information stored in
VSTM and perceptua online information is not possble. This meansthat irrdevant
changes of location cannot be ignored and it is important in the whole test array that
the objects appear a their origind locations. Only when unchanged objects occur at
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Figure45  Mean accuracy according to the six different retrieva
conditionsin experiment 7: (1) Singletest item — old location, (2) Single test
item — changed location, (3) Single test item — new location, (4) Whole test
array —old locations, (5) Whole test array — changed locations, (6) Whole
test array — new locations.
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ther origind locations an unambiguous change signd occurs for the changed
objects.

Experiment 8a

The reaults of the three previous experiments have lead to the assumption that a
mismatch between information that is stored in VSTM and perceptud information
can dicit achange signal. Thissgnd is processed by the visud cognitive sysem and
can be used to efficiently detect a change. There is evidence that in awhol e test array
location discrepancies disturb memory performance even if they are irrdlevant for the
task. The following experiment amed & clarifying, whether other irrdlevant feature
changes like colour and form influence memory performance. Can the change signal
be modulated by the task so that irrelevant feature changes can be ignored? In a
change detection task with awhole test array 2, 4, or 6 rectangles were presented. In
afirgt block the task wasto find an item that changed in colour. At the sametime
changesin the orientation of the objects could occur. These changes were irrdevant
for the task and had to be ignored. In a second block the relevant feature was
orientation and the irrelevant festure was colour. So the task was to find an item that
changed in orientation. However, changesin colour could occur. These were
irrelevant for the task and had to be ignored. If the change signal is unspecific in that
it can be dicited by any change independent of the task, then the irrdlevant changes
should disrupt performance. If however, irrelevant changes can be suppressed, so
that the change signd rdates only to relevant changes of colour or form, then
performance should not be affected by irrdlevant changes.

Method

Subjects 10 subjects participated in the experiment. All had normal or
corrected-to-norma vison. All subjects were undergraduate sudents of Munich
University and participated for course credit.
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Simuli Except as noted here, the stimuli were the same asin
Experiment 1. The sample array consisted of 2, 4 or 6 rectangles which dl had the
same size (0.34 ° x 1.34°) but differed in colour (red, green, blue, ydlow, white, light
blue) and orientation (horizonta, vertical, left and right oblique). The test display
conssted of the same number of stimuli at the same locations as the sample array (cf.
whol e test array condition of Experiment 5).

Procedure Except as noted here, the procedure was the same asin
Experiment 1. The digplay time of the sample array was 400 ms. Theinterval
between the sample array and the test array was 2000 ms. Subjects had to perform a
change detection task in which they had to find one item that changed in a specified
feature. In one block the change was a change in colour, in asecond block it was a
change in orientation. In addition to a possible change of the rdlevant feature dso
irrelevant changes could occur in dl objects. These changes had to beignored by the
subject and therefore served as distractors in the experiment. In the block in which
the critical item could changein colour irrelevant changes in orientation could occur.
In the block in which the critica item could change in orientation irrelevant changes
in colour could occur. An irrelevant change aways occurred in dl distractors. The
digtractor items changed in 50% of the trids. Order of blocks was balanced among
subjects.

Subjects were ingtructed to press the right mouse button, when they did not
observe a change and the left mouse button, when they observed the change. They
were asked to respond as correctly and as quickly as possible. In case they were not
sure about the correct response they were ingtructed to guess. In case of afdse
response subjects received a feedback tone. Sesson duration was approximately 1

hour.

Design The relevant feature was ether orientation or colour according
to the block. “Same” and “different” cases occurred equaly often and were randomly
varied. The 3 set Szes and the 2 change/non-change conditions required 6 trids for
complete replication. One block consisted of 120 trials which were generated at
random. The two kinds of block were repeated three times each. |.e. for each subject

there were 30 replications of each condition.
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Results

Results are shown in figure 4.6. As could be expected a clear set Sze effect was
observed. Performance gradudly declines with increasing set Sze. Moreover and
more interestingly, there is no clear effect of irrdevant changes. Performanceis not
gregtly disrupted by a mismatch in adimenson thet isirrdevant for thetask. Thereis
no difference according to which feature — colour or orientation — is the relevant or
irrdlevant dimension. These results are confirmed by atidticd andyss A three-way
(critical feature” digtractor change/non change ™ set size) ANOVA for repeated
measures of performance data (% correct) shows a highly significant effect of set
size F(2, 18) = 135.71; p < 0.001, but no effect of the critical feature F(1, 9) = 0.94; p
= 0.36 and no effect whether distractors change or don’t change F(1, 9) =3.98; p =
0.08. None of the possible interactions were significant.

This experiment provides strong evidence for the fact that the change signal can
be modulated by the task. However, the results could also be explained by assuming
that dready during encoding the irrdlevant feature isfiltered out. Possibly, only the
relevant feature is stored in memory, irrdlevant features may not be retained and asa

consequence in retrieva no disturbing change signas would be generated. In the
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Figure 4.6 Mean accuracy in experiment 8a.
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following experiment it was ensured that both dimengions are encoded into memory.
The present experiment 8a was repeated, but thistime the rdlevant dimension varied
within ablock. The information whether subjects had to respond to colour changes or
to orientation changes was given during the retention interva by an acoudtic sgnd of

high vs. low frequency.

Experiment 8b

Method

Subjects 10 subjects participated in the experiment. All had normal or
corrected-to-normd vison. All subjects were undergraduate students of Munich
University and participated for course credit.

Simuli The stimuli were the same as in the previous experiment.

Procedure The procedure was the same as in the previous experiment
except for the following: Instead of dividing the relevant changes of colour and
orientation into separate blocks they were randomly varied. In order to inform the
subject which would be the feature that could change in the critica item a short
acoudtic cue, atone of 100 ms duration was introduced that occurred within the
retention time, 1000 ms before the test display. A high tone of 200 Hz informed the
subject that the colour of the critical item could change. A low tone of 100 Hz
informed the subject that the orientation of the critical item could change.

Design Orientation and colour changes of the critica item occurred
equdly often within the same block. These 2 conditions, the 3 set sizes and the 2
change/non-change conditions required 12 trials for complete replication. One block
consisted of 120 trials which were generated at random. Each subject repeated the
block 6 times, resulting in 30 replications of each condition for each subject.
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Results

Reaults are shown in figure 4.7. Asin the previous experiment thereisa clear set
gze effect. Performance declines with increasing set Sze. More importantly, so in
this experiment performanceis not disrupted by the irrdlevant changes in object
colour nor orientation. Thisis confirmed by athree-way (critical festure”™ distractor
change/non change ™ sat size) ANOVA for repeated measures. It reveals ahighly
sgnificant effect of set size, F(2, 18) = 135.71; p < 0.001, but no effect of the
relevant feature, F(1, 9) = 0.94; p = 0.36, and no effect of an irrdlevant change, F(1,
9) = 3.98; p = 0.08. None of the possible interactions were significant. These results
show that the change signal can be modulated by the task. It can be tuned to certain
relevant changes by ignoring others. So, in contrast to an inability to ignore irrdevant
location changes it is evident that task irrdlevant changes in object featureslike
colour and orientation do not automeaticaly lead to a change signal, but can be
ignored, depending on the subject’ s task.
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Discussion of Experiments 5 — 8b

The experiments of the present chapter were conducted in order to investigate
mechanisms of VSTM retrieva. In order to solve the change detection tasksin the
series of the present experiments subjects had to compare the memory representation
of visud simuli with perceptud information. How is this comparison process

achieved?

The experiments show firgly, that memory performance does not differ when for
memory testing only asingle test item is presented compared with presenting the
entire test array. With this result a serid item-by-item comparison processin retrieval
can be excluded: For each comparison there is a certain probability to make an error.
The possihility for awrong response increases with the number of necessary
decisons. Soif thetask is solved by a serid item-by-item comparison then observed
performance should be better in the Sngle test item condition, because only the
critica item has to be compared as opposed to multiple necessary comparisonsin the
whole test array condition. The present results suggest thet it does not matter whether
the irrdlevant, unchanged items are present or absent in the test array. A smilar result
has been obtained by Voge, Woodman, and Luck (2001) in experiment 6 of their
study on VSTM capacity. In acontrol experiment using coloured squaresthe
irrdlevant items in the test diplay were replaced by placeholders conssting of black
outlined squares. The critica item occurred at its origind location with ether the
same or changed colour. Performance was at the same level as it was when the entire
test digplay was presented in ardated experiment. Also Wheder and Treisman
(2002) varied the test display in different change detection experiments on binding in
VSTM. They obtained essentidly the same pattern of results independent of the test
display condition: In one experiment the test display included the irrdlevant objects
and in a corresponding experiment the critica item was presented in the centre of the

screen.

Our results show secondly that performance is profoundly disrupted when the task
for memory testing is modified in the following way: In the test display the same
number of objects were shown at the same locations as in the sample display. In half
of thetrids al objects changed in colour or in orientation except for oneitem, which
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was the same as in the sample display. In the other haf of the trids dl objects
changed. Subjects had to look for oneitem that was the same as the corresponding
item in the stored memory representation amnong other itemsthat dl changed (see
example (4) infigure 4.1). In this detect match condition performance dropped
condderably. Thisresult is not in agreement with the assumption that in the detect
change and in the detect match condition the same kind of item-by-item comparison
iscarried out in order to find the target item, because an item-by-item procedure
should not depend on the outcome of every single comparison. To find, that two
items are the same should be accomplished just aswdll asto find, that two items are
different. Therefore, it was not expected to find a difference in performance between
the two tasks. However, the results show a dependence of memory performance from
the result of the comparison. A considerable effect by this change of the retrieva
condition was observed. To find a single changed object among a number of
unchanged digractorsis by far easier than to find a single item thet matches an item
in memory among multiple changed digtractors. So this result is additiona evidence
againg the assumption that in retrieval aways a serid item-by-item comparison

takes place.

Thesefirg two results can be explained by assuming that in a change detection
task alocal mismatch between object representations stored in VSTM and perceptud
information is accompanied by a change signal. The processing of this change
signal, which rdiably indicates the target item, leads to efficient detection of the
loca change. Within the limits of VSTM capacity of approximately 4 objects
(Bundesen, 1990; Irwin, 1992; Schneider, 1999) it does not make a difference
whether irrdlevant unchanged objects are present or absent in the display. However,
if there are multiple changes the changes signals are of no vaueto find asingle
matching item. Memory performance is strongly disrupted in thistask. The retrieval
mechanism which draws on the change signal does not work here. The task hasto be
solved differertly. It is suggested here that in order to solve the task an arbitrary item
from the display is selected for a sngle comparison with the respective item that is
stored in memory. It isfurther assumed that this comparison process requires visud
attention which has to be disengaged from the current activity, which is holding the

remaning memory items active in VSTM. As a consequence these items get lost
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from VSTM. If the randomly sdected item is the matching item, then the task can be
solved successfully. If the comparison reveals a mismatch, further comparisons are
necessary. Y et, they cannot be carried out, because the stored information about the
sampleitemsis now logt. Therefore, comparison islimited to only one pair of items.
Visud dtention has an essentia rolein thisview. Firgt of dl, attention is assumed to
be the mechanism, that is responsible for holding information active in VSTM. In
chapter three of the present study the suggestion has aready been discussed that
visud attention isthe rehearsal mechanism for VSTM — a suggestion that has dso
been put forward by other authors (Awh et a. 1999; Awh, Jonides, & Reuter-Lorenz,
1998; Wheder & Treisman, 2002; Curtis & D’ Esposito, 2003). Furthermore, it is
suggested here that visud attention is needed for comparing apair of ementsfrom
aVSTM representation and from avisud lay-out that is currently percelved. By
withdrawing attention from rehearsal of the remaining objectsin VSTM these objects
are logt from the sore. And findly, it is dlaimed that comparison is limited to only

one pair of items. Thisview isin agreement with the clam of Wolfe, Klempen, and
Dahlen (2000) that only one link between vison and memory is active a any given
moment. And aso in the theory of Schneider (1999) it is assumed that thereisjust
one “online object” in VSTM that is directly activated by perceptua input at atime.
The remaining three other objectsin VSTM need support by the refreshment process
for continued activity. Without this support they are lost from VSTM.

Further results of the present experiments demondtrate, thirdly, that providing a
location cue greetly improves memory performance in the detect match task. This
shows that the disrupting effect of multiple changes can be overcome by cueing the
relevant item. The cue is mogt efficient when it is provided a sufficient time before
the test array appears, i.e. gpproximately 400 ms. The leve of performancein this
condition is comparable to the level of a standard change detection task with four
items, namely around 80% correct. The cue il hepswhen it is provided shortly
before the test array or at the same time. The results show that the disrupting effect of
the changed task in the detect match condition isindeed due to retrieval processes. A
memory representation of the sample objects before the onset of test display is
avalablejud asit isavailable in adetect change task. Thisis shown by the high

performance with a cue within the retention interva. When the cueis provided the
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critica item can be sdlected from the memory set. When then the test display appears
the critica item in memory can immediately be compared with the appropriate object
that is present on the computer screen. The fact that the cue helps most, wheniit is
presented some time before the test display may be attributed to the fact that
processing the location cue and sdlecting the relevant item takes some time.
Therefore, the task is accomplished more reliably when there is time enough to
process the cue and sdlect the relevant item. More than 200 ms seem to be necessary.
A further interesting result is that the cue cannot be used once the test display has
gppeared. The memory representation of the sampleitemsis presumably lost very
quickly after the new information has arrived. The following explanation is

suggested: Asin onethird of the trials no cue occurred subjects would not wait for
the cue to appear in a postcue condition, but immediately try to solve the task. By the
time the cue appears the memory representation is aready lost, because visua
attention was engaged in the comparison process to find a matching item. Therefore,
the cue could not help: The representation of the item at the cue location was not
available any more. In agreement with the present results a benefit of cueing during
the retention interva was found in other recent studies with change detection and
change blindness experiments (Becker, Pashler, & Angtis, 2000; Landmann,
Spekreljse, & Lamme, 2003; Scott-Brown & Orbach, 1998; Scott-Brown, Baker, &
Orbach, 2000). Landmann, Spekreijse, and Lamme (2003) aso tested the effect of a
postcue in a change detection task with 8 rectangular figuresin atextured display.

No advantage was found when the cue was presented after the retention interva. The
authors assume that the initiad representation was overwritten by the second display.
However, in arecent sudy by Hollingworth (2003) in which a change detection task
was gpplied, a postcue significantly improved performance. This result was taken as
evidence for retrieval and comparison failure. But why was a postcue advantage
found in this case and not in Landmann et d.’s study and in ours? An important
difference between the sudies lies in the simulus materia. Hollingworth (2003)

used natural scenes and changes consisted of target rotations in depth or target
replacements. Referring to his visual memory theory (Hallingworth & Henderson,
2002) Hollingworth claims that higher level visud representations of objects are
consolidated into long-term memory (LTM), which are preserved even if object
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representations are lost from VSTM. These LTM representations are accessed by a
postcue in a change detection task and the information needed becomes available.
Hollingworth (2003) mentions that these LTM representations may not be
established in asmilar way for abstract arrays of stimuli. Thiswould mean that LTM
cannot be used in the same way in the experiments of Landmann et d. (2003) and in
the experiments of the present study asin the experiments of Hallingworth (2003)

with concrete objects in naturd scenes. Hence the difference between the studies.

Fourthly, the present investigations of retrieva processes from VSTM dlowsto
describe more specifically the nature of the proposed change signal. Theam isto
find out, whether the change signal is dicited by any mismatch that occurs between
information stored in VSTM and currently perceived visud information or whether it
can be tuned to task relevant object features. In one experiment task irrd evant
changes of location are introduced. It was found that performanceislargely disrupted
by irrdlevant location changes in a multi-element display. It is apparently not
possible to relate the perceived objects to the respective VSTM representations with
discrepant location information. The irrelevant location changes cannot be
disregarded. They dicit multiple change signals athough the relevant festures did
not change in digtractor objects. A Stuation emergesthat is Smilar to the detect
match condition: In the presence of multiple changes alocd change cannot be
processed efficiently, the critica item is not selected easly. Insteed, it hasto be
found by an item-by-item comparison. By engaging visud atention in the
comparison process it can no longer be used to hold the remaining objects activein
VSTM. As a consequence they are lost from VSTM. The task cannot be solved,
unless the changed object is by chance sdected for the first comparison. To
conclude, irrdlevant location changes cannot be ignored, but dicit change Sgnadsin a
display with multiple abstract ements. However, it was dso found that when only
the critical item is presented it does not matter whether it is shown at its origina
location, at the centre of the screen, at alocation that was occupied by a different
object in the sample display or & a completely new location. Hence, irrdlevant
location changes of asingle test item do not hurt performance. Thisfinding is
compatible with the view that the change signal is needed for selecting the critica
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item from an array of multiple dements. If only the critica item is presented, no such
selection is necessary and there is no need to process a change signal.

Findly, it was found that contrary to irrelevant location changesit is possible to
ignore task irrelevant changes of visud features such as orientation and colour. When
digtractor items occur at their origina locations, but change in the irrdlevant feature,
performance is not disrupted. It seems that these changes do not dicit achange
signal. Hence, the change signal can be tuned to certain task-relevant features.

The experiments of the present chapter on retrieval clearly show that observed
memory performance depends on conditions for retrieval. Limitations in comparison
and loss of object representationsin VSTM may be responsible for very poor
performance when multiple mismatches occur between VSTM representations and
currently perceived visua objects. Conseguently, when conclusions about the nature
of VSTM representations were drawn, such as the amount of information that can be
stored, limiting factors that occur during retrieva have to be considered.

Limitationsin retrieval and the phenomenon of change blindness

Knowledge of how retrieva of visua representations for further processing is
accomplished can provide explanations for observations from related research areas
on visud processing. The surprisingly poor ability to detect even large changesin
visuad scenes has led to various hypotheses about the nature of underlying visud
representations. The phenomenon of change blindness (see chapter one) has mainly
been explained by assuming that only little information about the world is
represented in visua short-term memory (O’ Regan, 1992; Rensink 2000a, 2000c).
There is supposed to be no detailed and precise internd representation of the world,
athough it is experienced as such. However, this needs not necessarily be the case.
Change blindness could occur despite a complete and rich representation. In recent
Sudies it has been suggested that the effect of change blindness might at least in part
be due to retrieva failures (Hollingworth, 2003; Scott-Brown & Orbach, 1998; Scott-
Brown, Baker, & Orbach, 2000; Simons et d., 2002).
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One explanation isthat in retrieva it may not be possible to adequately compare
the second scene with the memory representation of the initid picture. So,
Hollingworth (2003) takes his finding of a postcue advantage in a change detection
task in natural scenes as evidence for limitationsin retrieva and comparison. He
argues that with a cue subjects can limit retrieval and comparison to the target and as
a consequence performance is much better. In area-world change detection study
Simons et d. (2002) could show that in the presence of change blindness subjects
could after the actua test correctly report the change when specificaly questioned
about the particular changed object. This was taken as evidence that some
representation of the pre-change scene was retained, but it could not successfully be
retrieved and compared in order to solve the task. The authors state that people could
miss changesiif they fail to compare an existing representation of the pre-change
scene to the post-change scene. The phenomenon of change blindness was also
investigated by Scott-Brown and Orbach (1998) and Scott-Brown, Baker, and
Orbach (2000) in experiments in which the two to-be compared stimuli, which were
composed of 3 or 5 patches arranged in a circle, were smultaneoudly presented for
contrast discrimination. The authors found an advantage in the task when the critical
item was cued. They suggest that it is not necessarily the limitation in memory
capacity, that leads to change blindness, but a limitation to make multiple

comparisons.

A related explanation of change blindnessisthat retrievd of the memory
representation of the initial scene fails, because it is overwritten by the post-change
representation (Becker, Pashler, & Angtis, 2000; Landmann, Spekreijse, & Lamme,
2003). This hypothesis was supported by evidence from change detection tasksin
which a cue was introduced. The fact that a cue, which was presented during the
retention interval, improved change detection has lead the authors to conclude, that

new information at a given location overwrites old information.

These explandations of the phenomenon of change blindnessfit very wdl with the
present view on mechanisms of VSTM retrievd. It isdso clamed here that it is not
possible to make multiple comparisons of the elements of two digplays. Multiple
comparisons are required under certain conditions. These are conditionsin which a

change signal does not unambiguoudy relate to asingle loca change, and therefore
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cannot be used to solve a change detection task. Thisisthe case in the presence of
multiple changes. So, eg., in change blindness experiments of multiple trangents
that are caused by brief visud disruptions such as an eye blink, a saccade, amovie
cut, by “mud splashes’ or else lead to multiple change signals. Instead of Smply
detecting achange signal in order to know that a change has occurred a more
detailed comparison of two visud representations becomes necessary: the VSTM
representation of the first picture and the perceptua representation of the current
picture. The ability to compare two such pictures seems to be severdly limited.
Visud atention is needed for comparing afirg par of elements of the two
representations. It is dso needed for holding information activein VSTM from
which it is now disengaged for the comparison process. Therefore, the remaining
visua representations are presumably lost from VSTM memory. As a consequence
no further comparisons are possible, because there is nothing to which the elements
of the second picture could be compared.

It iseasier to process presence than absence also in perceptual processing of visual

information

In experiment 5 of the present study a striking asymmetry between two
conditionsin the memory task was found. In the first condition subjects had to
respond to a change of one element in the disolay among other eements that did not
change (whole test array - detect change). In the second condition subjects had to
respond to the absence of change in one eement in the display among other dements
that al changed (detect match). Performance is considerably better in thefirst than in
the second condition. Thisfinding is reminiscent of asymmetries found in visud
search (Treisman & Souther, 1985; Treisman & Gormican, 1988), in letter scanning
(Neisser, 1963), or in texture segmentation (Beck, 1973, 1974; Julesz, 1981).
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Figure4.8  A: Thetarget is defined by the presence

of afeature, and B: The target is defined by the
absence of afeature (Treisman & Souther, 1985).

Treisman and Souther (1985) found a difference between search for the presence
and search for the absence of afeature. They carried out avisua search experiment
in which subjects had to look for a circle with an added line among distractors that
were smple circles without lines (seefigure 4.8 A). The target was digtinct from the
other items by the presence of the feeture of aline segment, while in the distractors
this feature was absent. Search was efficient in this task, the target was found very
quickly not regarding the number of distractorsin the display. However, whenin
reverse subjects had to look for asmple circle among a number of circleswith aline
through it (seefigure 4.8 B) the resulting search dope turned out to be much steeper
and response time increased with the number of distractors. The results show that a
target that is characterized by the presence of afeature among distractors which do
not possess this feature is much easer found than atarget that is defined by the
absence of the feature among other items that possess the feature. This explanation is
put in terms that are related to Treisman’s more neurona concept of feature maps
(Treisman & Gelade, 1980): In the example above the crucid festure isthe verticd
line. When it is perceived subjects check a pooled response from the feature map for
verticd lines for the presence of neurd activity anywhere in the map. When the
target object isacircle with aline then thisis a unique festure that exigs only in this
single object in the search array. Therefore, it pops-out from the background and can
quickly be detected. When in the other case the target object isacircle without aline
through it then the feature map for vertica lines shows neurd activity a al locations
in which an object is present except for the relevant item. The absence of the festure
cannot be found easily. Thereis nothing like a feature map for the absence of aline,
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Consequently there is no distinct neurd activity that can indicate the absence of a
feature, and thus the target object in this case does not pop-out and cannot be found
eedly.

Inavisua scanning task (Neisser, 1963) subjects had to search through alist of
letter sets, which consisted of two or six letters The task was to find a critica item,
which properties varied according to the condition. In one such condition the critical
item contained atarget letter, such asthe letter Z. In adifferent condition al the
Items except the critical one contained a Z. It took much longer to find arow thet did
not contain atarget |etter, when al other rows contained that |etter, as when atarget
letter had to be found, when no other row contained that letter. So, thisis afurther
example of an asymmetry between the presence and the absence of features. Neisser
(1963) clams that the results show that the process of recognition is hierarchicaly
organized. When subjects had to look for the presence of atarget such as the letter Z
al the stimuli have to be viewed just long enough to activate the lower-order
recognition syslem when a Z is reached. However, when subjects look for an item
that does not contain a Z, then the Z in every item must be identified. Full recognition
for Z is needed on each item. (In hislater work Neisser distinguished these cases as
preattentive vs. attentive processing (Neisser, 1967)). Because of the greater depth of

processing, it takes longer to look for the absence of atarget than for the presence.

In experiments of texture segmentation Smilar asymmetries have been found.
Texture segregation is usudly studied using digplays of discrete dements that
contain a number of regions which differ according to their dements. Subjectsin
some tasks have to rate the difference between these regions, in other to identify
them. In these experiments it has been found, for example, that complete triangles
among incomplete triangles segregate better than incomplete triangles among
complete ones. Also it iseader to find an area of long lines among short lines than
the reverse (Beck, 1973, 1974). Julesz (1981) discovered that it helpsto find an area
of targets which lack a certain feature among background items that have it when
they are spatialy grouped. But the same was not true for the reverse: There was no
additiona beneficid effect when an area of targets containing a feature was spatidly
grouped on a background made up of dements that did not contain this feature. Both,
Beck and Julesz, explained therr findingsin asmilar way: Texture segregation
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depends on the degree of differencesin feature dengity of certain Smple textura
features, such as line orientation, colour or size (Beck, 1982). Julesz defined what he
cdled textons on the basis of these findings. The visud system would be particular
sengitive to these textons and texture segregation takes place through the differentia
activation of these texton detectors (Julesz, 1981). Hence an explanation that is
amilar to the one given by Treisman (Treisman & Souther, 1985).

These examples of findings from visud search, letter scanning and texture
segregation show an asymmetry between processing of the presence and the absence
of features. Itemsthat contain a certain feature are away's processed more easily than
itemsthat do not have that feature. The explanations of this observation in the three
areas do not differ from each other in principle. The criticd feature activates the
visud cognitive syslem in aunique way so thet it can eadly solve the task. When a
featureis absent there isno neura response to this absence. This makes more costly
processing hecessary, e.g., serid as opposed to paralld search, preattentive as
opposed to attentive processing, or effortless texture segregation as opposed to
“conscious scrutiny” involving sequentialy focusing atention on different parts of

the display.

Taken together, research on perceptud processing yields results that show a
grikingly smilar pattern as has been discovered in the present experimentswhich
investigates visud short-term memory.

Therole of contextual information in VSTM

An important issue that should be discussed within the framework of the present
sudy istherole of contextud information in VSTM. How relevant is contextua
information in VSTM processing? Is it easier to decide that an object has been seen
before, when at test the spatia configurational conditions are the same asthe
conditions when information was encoded? Thisissue has been investigated in a
number of change detection experiments with coloured squares by Jang, Olson, and
Chun (2000). They clam that in VSTM the relationa information between separate
itemsis stored on the basis of globa spatid configuration. So if an item is encoded
into memory, dso features of the adjacent items are stored in memory. If the
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configuration cuesthat are formed by neighbouring items are absent or distorted then

memory isimpaired.

The question on therole of contextud information has dso beenraised in
research on visuad gahility: It has been shown that transsaccadic localization of
objects depends on relationa information from before the saccade (Carlson
Radvansky, 1999; Deubdl, 2004; Deubd, et d., 1998; Deubd, et d., 2002; Germeys,
de Graf, Panis, van Eccelpod, & Verfallie, 2004). Distractor objects that surround
atarget object play acrucia role for the correct transsaccadic localization of that
target object. Further studies show that the saccade target is coded in relation to other
objectsin the display (Carlson et d., 2001, Currieet d., 2000; Verfallie & De Graef,
2000). This means that accurate information about the relative positions of afew
objectsin the visud field is stored in a transsaccadic memory and is used after a
saccade. These results strongly suggest that dso for VSTM retrieva contextua
information may play an important role.

The sysemdtic investigation of the role of contextua information in VSTM
processing is not within the scope of this study. However, from the present
experiments conclusions can be drawn, firgtly, on the influence of irrdlevant location
changes and, secondly, about the effect of removing contextua information. The
observations in experiment 6 of the current sudy show, that information of the
gpatia relation between objects are indeed represented in VSTM. This can be taken
from the finding thet irrdlevant location changes in awhole test array, which
contained four objects with changed locations, retrieval of information on object
identity was greetly disrupted. This result can be explained with multiple change
sgnds, that are dicited by multiple irrelevant location changes. The fact that an
effect of irrdlevant location changes was observed means that contextua information
must have been represented in VSTM. In addition, the results show that preserving
the spatia configuration in multi-element displays isimportant for VSTM
processng. Thisfinding is an agreement with the claim of Jang, Olson and Chun
(2000) thet distorted configuration cuesimpair VSTM.

However, it could aso be shown here, that spatid information is not
automaticaly used in VSTM processing and it is possble to ignoreit. Thisisthe
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case when spatid information is not needed to solve the task and when at the same
time there are no irrdlevant location changes of distractor objects. Results from
experiment 6 support this view. Firdly, no difference was found in performance
between a change detection task with the whole test array condition compared with
the single test item condition. In the whole test array condition relationd informetion
between objects are provided, but not in the Single test item condition. Despite the
missing relaiona information, performance is not worse in the sSingle test item
condition. Thisisthe case, because location information is not needed in the task. It
is possible to decide whether an object has been seen before irrespective of where it
is presented. In line with this result is the second observation that the location of the
gngle test item does not influence performance. So even when thetest item is
presented at alocation different fromits origind location, memory performanceis
not affected. Also inthis case, it is clear thet the only item in the display isindeed the
critical item. It cannot be confused with a different item. So, as the information about
location is not relevant, it can be disregarded.

These results are not in accord with the strong claim of Jang, Olson, and Chun
(2000) that absent relationd information disrupts VSTM processing. However,
evidence is provided in which removing the context does not hurt performance. In
experiment 1 of the study of Jang, Olson, and Chun (2000) performance in awhole
test array condition was compared with a single test item condition. The gimuli
conssted of coloured squares. On change trids the critical item in the test display
changed its colour, which had to be detected by the subjects. The results show, that
performance in the Single test item condition is Sgnificantly worse than in the whole
test array condition. Apparently, aresult that is not in accord with the present result.
How can the difference be explained? The spatia organization of the memory
display in the present experiments was very smple. There were 8 possible locations
ina3x 3 matrix around a centra fixation (seefigure 1.5). Location could be
identified unambiguoudly, the relationd position of the objects could be easly
retained in memory. In contragt, in the study of Jang, Olson, and Chun (2000) the
sructure of the test display was far more complex. It conssted of a 10 x 10 matrix,
i.e. with 100 possible locations, and in addition the position of each squareinsde a
cdl was dightly jittered (see figure 4.9). As a consequence the spatid relation of one
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Figure4.9  Exampleof atest display as has been used by Jiang, Olson, and
Chun (2000). It forms a 10 x 10 matrix, the postion of each squareindde a

cdl isdightly jittered.

object to the neighbouring objects are needed to be able to relate the test item to the
corresponding item in the sample digplay. So the strong clam of Jang, Olson, and
Chun (2000) that the representation of a given colour is not independent of the colour
of other items in the digplay should be modified: It istruein digplaysin which the
relationa information is necessary to be able to relate an item to the corresponding
item in memory. If the correspondence can be determined otherwise, such asin the
present experiments with asmal number of fixed postions, then the representation
for agiven colour can be independent of the colour of other items. This means that
the reason why in the study of Jiang, Olson, and Chun (2000) the memory task with
the single test digplay turned out to be more difficult than with awhole test array
actudly cannot merely be attributed to VSTM processing as such, but more rather to
the problem of correctly locdizing the critica item.

To summarize, it is gpparent that contextud information has an important rolein
VSTM retrieva. When objects change their locations in a multi-element display,
memory performanceislargdy disrupted, even when the memory task concerned
only object identity and not location informetion. Y, if only oneitem is presented
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for memory testing and location information is not requested in the task, then it is
unimportant where the object is presented.

I'T cortex and automatic short-term memory processing of non-matching stimuli

Thereis evidence from neurophysiologica research for a short-term memory
mechanism that automaticaly biases visud processing towards test simuli that do
not match a sample item. It has been suggested that certain effects that have been
observed in inferior tempora cortex (IT) reflect an automatic storage and retrieva
process sengtive to simulus repetition (Desmone et d., 1995). This evidence fits
very wdl with the hypothesis of a change signd and shdl be reported here,

IT cortex isaregion in the brain that is critical for visud memory, such that
without IT cortex memory of avisud simulusisimpaired. In an influentid
neurophysologica study the role of IT neuronsin working memory was explored by
recording the activity of IT cdls of two rhesus monkeys while they were performing
addayed matching-to-sample task (Miller, Li, & Desimone, 1991, 1993). In the task
first a sample stimulus was presented. Then the monkey viewed a sequence test
stimuli (complex, multicoloured pictures) and was rewarded for responding to a
matching test simulus (see figure 4.10). All stimuli were dready familiar to the
anima and the same stimuli that appeared as sample and matching simuli on one
tria gppeared as non-matching stimuli on others. Responses of hdf the cdls did not

0-4 nonmatching test items

sample ﬁ\ matching test
T & 0
500 msec 700 msec (bar release)
on-time delays

Figure4.10 Outline of the ddayed matching to
sample task (from Miller, Li, and Desmone, 1993)
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vary ggnificantly depending on whether the stimuli were matching or not. Thiswas
interpreted as coding only sensory information. The other haf of the recorded IT
neurons, however, showed responses to test stimuli that were ajoint function of the
sensory features of that stimulus and stored memory traces. The mgority of those
cedlls showed suppressed responses to matching stimuli compared to non-meatching
simuli (seefigure 4.11). The comparison of sample and test stimulus appears to be
veary fagt: The suppressive effects begin very shortly after simulus presentationin IT
cortex which isamost at the onset of the visud response, which starts 80 ms after
stimulus onset. The mechanism that causes the suppression istherefore seen asa
property of IT cortex and cannot be attributed to on-line feedback to IT from other

structures.

The observed behaviour of IT cells may be reflected in the results of the present
experiments which show very efficient processing of amismeatch between an item
that is represented in VSTM and a corresponding item that is currently perceived.
The suppressive effect may aso occur in the current experimental paradigm when
those items that match the corresponding itemsin VSTM are perceived in the test
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Figure4.11 Spike dendty hisograms for matching and non-matching gimuli.
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display. As aresult the non-matching item is processed very rapidly after
presentation of the test display. Hence, the proposed change signd may have its
physiologica bassinIT cortex.
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Chapter 5

SUMMARY AND PROSPECTS

In the previous chapters 2 — 4, three series of experiments were presented, each
desling with a particular agpect of human visud working memory. Their common
god was to characterize the part of visua working memory that is responsble for
temporary storage of visud information, namely visua short-term memory (VSTM).
More specificaly, the property of VSTM to be limited in severd respects was
addressed. In the following a short summary of each chapter will be given. The basic
findings and their implications are briefly reviewed. Resulting questions and issues
for further research are presented.

Limitations in VSTM: Retention

In chapter 2 of the present dissertation the empirical god wasto delineate the
time-course of VSTM maintenance and describe the tempord limitations of VSTM.
A novd kind of visud stimuli was used. It conssted of separable geometrica objects
with well defined perceptud attributes, namely rectangles of different Sze,
orientation and colour. The decisive advantage over simulus materid used earlier
(e.g. black-and-white matrix patternsin Phillips, 1974) is, that with the new stimulus
materid it is possible to measure memory decay in terms of the effective memory
capacity. Asthe new kind of stimulus materid has been used in al experiments of
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the present dissertation, it was important to assessits decay to ensurethat it is
competible with observations in earlier sudieswith visud stimuli of a different type.

In two experiments with a change detection task the time course of information
maintenancein VSTM was examined. A sequence of two stimulus displays which
were separated by ablank interstimulus interval (1S1) of variable duration was shown
to the participants. Memory performance was tested at the varying ISIs as afunction
of set size. It was expected that at very short 1SIs up to ~300 ms areflection of the
visud anaog representation, which is a subcomponent of iconic memory (Di Lollo &
Dixon, 1988), could be observed. The visud anaog representation is of unlimited
capacity and has aduration of gpprox. 300 ms (Irwin & Y eomans, 1986). Asa
consequence, avery high performance level of more than 90% accuracy for all set
sizes was expected for the very short 1Sls. After the decay of the visud andog
representation, retention has to rely on the capacity-limited VSTM only.
Consequently set size dependent storage on a much lower level was expected for the
longer 1Sls. On the basis of earlier studies (Kikuchi, 1987; Parr, 1992; Pashler, 1988;
Phillips, 1974) performance was expected to remain stable with increasing retention
intervals up to the longest tested 151, which was 8000 ms.

Contrary to these expectations, except for an 1Sl of zero which served asa
control, no set Sze independent, very high leve of performance was observed, not
even at the shortest 1Sl of 14 ms. Instead, VSTM maintenance over time turned out
to bereaivey stable and set Sze dependent. However, this result is not entirely
incongruous with previous research, because the results reported in the literature do
not show afully coherent picture. Phillips (1974), eg., reports very high, and set Sze
independent performance at an 1Sl of 20 ms. On the other hand, the studies of
Pashler (1988), Becker, Pashler, and Anstis (2000), and Germeys, de Graef, Panis,
van Eccdpod, and Vefalllie (2004) al observed very early decline of performance
(< 85 ms) in change detection tasks. It can be taken from these studies and from the
present work, that sensory storagein form of visua anaog representations could not
be used for the task. Two possible explanations were provided in chapter 2 of the
present work. Firgtly, multiple transents, that are elicited by the onsets of the objects
in the second digplay and that are distributed across the entire visud field, may mask
trangents that are produced by the local change of the critica object. These
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trangents could potentialy be used to locate the critical object. By specific
experimental manipulations in the experiments reported in chapter 2 this explanation
could be excluded: Visua andog representations were not disrupted exclusvely by
the transents that are caused by the onset of irrdlevant objects in the second display.
An dternative explandtion is, that the visua analog representation of the sample
gimuli is overwritten by the new visua information contained in the second display.
This hypothesis can be tested by gpplying a cueing technique in presenting alocation
cue at different times within the retention interval. This gpproach was pursued in the
recent studies by Germeys, de Graef, Panis, van Eccelpod, and Vefallie (2004), and
by Wesenick (2000), which both showed improved memory performance in the
cueing conditions. Because the relevant information can be accessed with the help of
the cue, it can be inferred that a visud andog representation does indeed exist, which
darts to decay following stimulus offset. The results are in accordance with the
hypothess that new incoming visud information overwrites the current contents of
VSTM, which as a consequence is removed from the store. However, there is need
for further clarification of the relationship between visua andog representations and
VSTM. Furthermore, it is necessary to support the overwriting hypothesis by
additiona empiricd evidence. It remains an open question what factors decide which
information is overwritten. So, is dways the entire display overwritten by incoming
information or is selective overwriting possible? How is the informetion flow into

and out from VSTM controlled? What isthe role of the current task set? Both,
empirical evidence and theoretica concepts are needed for further specifying these
aspects of VSTM processing.

The observation, that after intervals of 4 seconds or longer thereis no further
sgnificant loss of informetion isin line with earlier sudies (Kikuchi, 1987; Parr,
1992; Pashler, 1988; Phillips, 1974). Memory performance for al set Szesremains at
acongtant level. From the performance levels according to the different set Szesit
could be estimated that the capacity of VSTM is somewhat below 4 objects. It is
assumed that the information that is contained in VSTM can be retained for intervals
that exceed 15 seconds or more, given the subjects are completely occupied in the
retention task. It is generaly accepted, that there are active mechanisms that prevent
the loss of information from VSTM, which could occur by passive decay or
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interference. Such amechanism has been proposed aready in the work by Atkinson
and Shiffrin (1968) and aso by Baddeley (e.g. Baddeley, 1986), who proposes that
within working-memory the visud scratch pad serves as rehearsd system for visuo-
gpatia information. In the more recent theory of Schneider (1999), arefreshment
process isrespongble for preventing that objects are forgotten. In this theory the
objects stored in VSTM have an activation leve that is higher than the activation

level of objects outsde VSTM that compete for entrance in the sore. By refreshment
the stored objects are kept at the level of activation, that is necessary to remainin the
store. Refreshment is postulated to be selective for specific object attributes. Extra
activation to a particular dimenson, such aslocation, will increase the activation

level only of the location attribute of the concerning object, but not the activation of
other attributes.

How can rehearsal or refreshment be described on afunctiona level? What could
be the underlying mechanism? Is it possible to describe the mechanism on a
neuroanatomic levd, to identify the responsible brain areas and establish aneura
network? In recent studiesit has been suggested that it is an attentional mechanism
that is respongble for holding information active in short-term memory. More
specifically, it has been proposed that foca shifts of spatid sdective attention
mediate the maintenance of location specific representations (Awh et d. 1999; Awh
& Jonides, 2001; Awh, Jonides, & Reuter-Lorenz, 1998). Starting out from the well
established effect of gpatid sdective attention to improve visud processng a
attended |ocations (e.g. Posner, 1980), the authors developed the hypothesisthat a
amilar effect should be observed in working memory: If spatid sdective atention is
directed towards a location stored in working memory, then improved processing
should be observed at that location. This effect hasindeed been observed in
behavioura experiments (Awh, Jonides, & Reuter-Lorenz, 1998). Also, the
underlying neura mechanism has been specified by the same research group. In
addition to an anatomica overlgp they observed dso afunctiona overlap in the
mechanisms of spatia working memory and spatia sdective attention (Awh et d.,
1995; Awh & Jonides, 1998). Both processes are driven by aright-hemisphere
dominant network of frontal and parietal brain areas. Data suggest that spatial
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rehearsa recruits top-down processes that modulate early sensory processing in the
visud areas that represent the memorized locations (Awh & Jonides, 2001).

The assumption of a strong overlap between mechanisms of visud attention and
visua working memory, as suggested by Awh and colleagues, is extremdy
appeding. In the context of the present study the role of visud attention in VSTM
has not only been identified for holding informeation active in VSTM. It has also been
suggested that it is crucidly involved in the process of retrieva (see chapter 4). The
issue of the role of visud attention in VSTM processing will be taken up again later
in this section. Y et, dready at this point it has become evident that it issurely a
chdlenging task for future research to provide more empirica evidence on theissue
and further develop the idea of a strong connection between the processes of visud

attention and visud working memory.

Limitations in VSTM: Capacity and how it is related
to the format of VSTM

The issue of chapter 3 of the present dissertations was the relation between the
dorage format of VSTM and the limit of VSTM capacity. Thisrelation isimportant
in order to determine how much information can be maintained in VSTM. Only if the
format of the stored visua representations is specified, isit possible to determine the
cgpacity. The more specific question here was, whether visud information is stored
in terms of the number of whole objects, or of the object’ s features. An important
claim on this matter has been made by Luck and Vogd (1997) on the basis of their
experimentd results (see dso chapter 1). In their view, the unit of VSTM isthe
integrated object. Only the number of objects determines the capacity of the visua
short-term store and not the number of features. According to Luck and Voge (1997)
this should be true even when objects consst of festure combinations of the same
dimension. Importantly it follows, that binding the different featuresin one object
has no memory costs whatsoever. The experiments of the present dissertation

provide further evidence on thisissue and lead to aview that is not fully consistent
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with neither, the empirical data nor the conclusons, described in the study by Luck
and Voge (1997).

The present experiments 3aand 3b provide evidence that basically the capacity of
VSTM isindeed related to the number of stored objects and not to the number of
stored features. However, the data also show that memory performanceis
sgnificantly lower when a conjunction of features has to be retained in one object
compared to only one feature. Y et the cogts for binding an additional featurein a
stored object are not as high as they would be if an additiond object had to be
retained. An exception is the case of binding features of the same dimension in one
object, such astwo colours. In experiment 4 of the present study, retention of objects
that are composed of two coloursis considerably worse than retention of the same
number of objects that have only one colour. In fact, memory performance for two
compound objectsis about the same as for four smple objects. This means that the
cods for an additiond feature from the same dimension are comparable to costs for a
new object. Thisis clearly not in accordance with the results of Luck and Vogdl
(1997). An atempt from a different [aboratory to replicate this part of the study by
Luck and Vogd (1997) dso faled (Wheder & Treisman, 2002), thereby confirming
the present data, which have been reported earlier (Schneider, Deubel, & Wesenick,
2001). In brief, from the present data it can be concluded that,

v" the capacity of VSTM isbasicaly determined by the number of objects
that have to be retained,

v" binding anumber of features in one object has some costs, even though
the cogts for binding are not as large as the costs for storing awhole new
object;

v" if features of the same dimension are combined in the same object,
binding cogts are considerably larger. They are compatible with the costs
for storing an additiona object;

v" memory for different features gpparently is not exactly the same, but
varies according to the dimension.
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These results have important implications for a conception of VSTM storage and
have to be taken into account by any theory of VSTM. Some theoretical suggestions
have been outlined in chapter 3 (Wheder & Trelsman, 2002; Schneider, 1999).

Further empirica questions are created on the issue of the binding mechanismin
VSTM, which are subject to progpective studies. Empirical questions are whether the
observed results are true for other kinds of visud festures. Are binding costs
comparable for combinations of other visud features? There may be larger Sorage
costs for feature combinations other than the tested combinations of colour,
orientation or length. This could for example be the case for acombination of the
features of motion and orientation as opposed to the tested conjunction of colour and
orientation. Or on the contrary, there could be features that make the retention of
objects much eadier, which could be the case for the feature of location in a 3-
dimensiona space in combination with surface feaiures. |s there a storage limitation
according to the number of features that can be integrated in one object? Is retention
dependent on the combinations of particular features, o that some feature

combinations are retained more easily than others?

A further aspect that is pertinent for the understanding of VSTM processing isthe
effect of the current task on bound objectsin VSTM. Binding is normaly conceived
as a process which takes place on aneurd level and which can be described in
neurophysiologica terms. Binding theories typicaly propose the neura mechanism,
such as synchronized neurd firing, that provides the information on which fegtures
belong to the same visual object (e.g. Milner, 1974; von der Masburg, 1981; Singer,
1989; Singer et d., 1997). It is not clear, whether and how this low-leve process can
be modified by higher level processing and top-down control. It is possible, that
higher-level mechanisms operate on bound objectsin such away, that specific
features selectively receive enhanced processing resources and other features do not,
such that processing single features of bound objects may be selectively modulated
by a given task. One such higher level mechanism, that has an influence on lower-
level processesin VSTM, could be an attentional mechanism. As has been reported
above, feature integration theory (FIT) of Trelsman and colleagues (e.g. Treisman &
Gelade, 1980; Treisman, 1988, 1998, 1999) proposes that attention is crucial for
binding object featuresin visud perception. It certainly will be fruitful to determine
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the relationship between binding in visud perception and binding in VSTM. It may
turn out, thet there isin fact the same underlying mechanism of atention.

Limitations in VSTM: Retrieval

The experiments of the present chapter 4 address the aspect of retrieva of
information from VSTM, that up till now has received only little atention in VSTM
research. To empiricaly investigate the retrieva mechanism the same change
detection task was used asin the experiments of the previous chapters of the present
work. Aiming at retrieval, the structure of the test display was varied. It turned out
that performance in the task was the same, no matter whether the entire display of
objects was presented at test (whole test display) or just the criticd item (single item
test), which was the item that would change in change-trids. Thisresult is surprising,
if one expectsthat in order to solve the task it is necessary to seridly compare each
object that is stored in VSTM with each object that is currently perceived. In case of
the single item test the location of a potential change is dready known; if thereisa
change, then it will be in the presented item. In contragt, thisinformation is not
avalable in thewhole test display. The change can occur a any of the occupied
locations. How can it be explained that the task with awhole test array can be solved
equaly well than the task with asingle item test? It has been proposed here, that the
cognitive system makes use of achange signal in order to solve thetask. This
change signal is icited by a mismatch between the information stored in VSTM and
corresponding information that is currently perceived. It can be used to very
efficiently locate the mismatch and so in the whole test array condition amismatch
can easily be located, athough other — unchanged — irrelevant distractor objects are
present on the screen. The suggestion of the change signal is centrd to the view on
VSTM retrieva proposed here. The subsequent experiments al aimed at €laborating
this hypothesis and providing evidence for further pecification of the notion of the

change signal.
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In afurther condition, supportive evidence for the hypothessed change signal
was obtained. In a detect match task performance was consderably lower than in the
detect change task and gppeared to be just above chance leve. By assuming achange
signal, the resullts can be explained in the following way: In the detect match
condition the changing distractor objects al dicit change signds, but obvioudy the
critica unchanged object does not. In this Stuation the change signd is not useful to
solve the task, because there are multiple sgnasthat al relate to locations of
irrelevant changes and no signd that leads to the relevant location. So, instead of
usng the effident change sgnd, the task had to be solved in a different way. It is
suggested that now one item from VSTM is compared with the respective item that is
currently percaived. It is further assumed that for this comparison process visua
attention is needed. As a consequence the limited attentiona resources are withdrawn
from the currently active process, which isto maintain the stored objectsin VSTM.

So now the remaining stored objects are lost from VSTM and no other comparisons

can be carried out. Hence, the very low performance in this task.

In adetect match task the change signa cannot be used to locate the critica item
asitispossblein adetect change task. It could be shown in experiment 6 that a
location cue that indicates the critical object has the effect of making the task much
more easier. The point in time when the cue was presented was varied and it turned
out that the cue helpsin a detect match task aslong asit is presented at the sametime
with the test display and not after. It helps most when it is presented some time
before the test display. So here the cue could be used in the same way as the change
signd can be used in the detect match task. Both mark the location of the critical
Item 0 that the task can be solved very reiably.

Performance in further experimenta conditions show, that when only asingle
item is presented, it does not matter at which location it occurs. The task can be
solved at ahigh level of performance. Obvioudy there are no disturbing change
ggnds of irrdevant disractors. However, when the entire display with multiple
objectsis presented, then location changes of the objects are critical. Apparently,
irrdlevant location changes dicit change sgnals and it does not matter, whether the
objects change to completely new locations or whether they exchange their locations.

In any case, location changes of irrelevant objects lead to low performance.
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Experiments 8a and 8b were designed to test, whether the occurrence of the
change sgna can be modulated by the task. Changesin colour or orientation, that
were irrdevant for the task were introduced. The results show that if changesin a
whole test array occur in theirrdlevant dimension of colour or orientation
performance is not affected. Thismeansthat in this case no multiple change sgnds
occurred. It has to be concluded that the change signal can be modulated by the task
and is not entirely autometic.

In brief, from the empirica data the following conclusions are drawn:

v achange sgnd is dicited by a mismatch between information stored in
VSTM and respective information which is currently perceived;

v" the change signd can be used to efficiently locate a changed object, if
irrdlevant distractor objects do not change their locations;

v"in paticular change signds occur when relevant or irrdlevant objects
change loceation,

v irrdevant changes in orientation or colour do not dicit achange sgnd;

v if achange cannot be detected by using the change signdl, it is proposed
that an error-prone seria processis initiated that compares an item from
memory with the respective item thet is currently percelved;

v" this comparison process requires visud attention, which isthen
withdrawn from keeping the other objects activein VSTM. Asa
consequence they are lost from VSTM and not more than only one

comparison is possible.

There are mgjor issues for subsequent research. Oneis, for example, to scrutinize
the involvement of visud attention in the comparison process. Another issueisto
clarify the nature of the proposed change sgna and whether it isindeed such afast
and efficient process as has been proposed here. To gpproach this topic, the method
of eectrophysiology can be employed. On the one hand it provides information on
the tempora course of the potential change signa, and on the other hand pattern of
results may be obtained that can be related to previous research on attention. It seems
reasonable in this context to andyse the N2pc component of the event-related
potentia (ERP) waveform, which has been analysed in studies on attention (Eimer,
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1996; Heinze et d., 1990; Luck & Hillyard, 1994a, 1994b; Luck et d., 1997b;
Woodman & Luck, 1999). The N2pc istypicaly observed in visua search tasks
contrdaterd to the visud field in which an object is attended within the search array.
Previous studies have concluded that the N2pc reflects covert orienting of visud
attention before the completion of object recognition and that it reflects a process of
atentiona selection when atarget object has to be filtered out from surrounding
distractor objects (Luck & Hillyard, 1994a; b, Luck et a., 1997b). The N2pc occurs
a alatency of 200 — 300 ms poststimulus. It congsts of an increase in negetive
voltage at posterior scalp Sites, mainly over the occipital cortex. The N2pc hasa
highly contrdaterd scdp didribution, which means that within a bilaterd imulus
array the N2pc is more negative at |eft electrode Stes for target objects occurring in
theright visua field and more negetive at right eectrode Sites for targets occurring in
the left visud fidd. It is hence labelled the N2pc, which denotes negetive voltage,
200 ms poststimulus, at posterior contraateral electrodes (Heinze et d., 1990; Luck
et a., 1997b; Luck & Hillyard, 1994a, 1994b; Woodman & Luck, 1999).

The conditionsin visua search resemble the present change detection task in a
specific way. In visua search tasks the target is defined perceptudly. So it may carry
certain physica features, for example “the small green verticd rectangle’. The target
can aso be defined by aredation to other objects present in the search array, being
the one deviant item that is different from the rest, asit is the case in inhomogeneous
search arrays with pop-out stimuli. This description is aso purdy perceptud. Ina
change detection paradigm a search takes place in the test display. In this case the
target is not perceptudly defined, but by ardation to corresponding VSTM contents:
The target object isthat object in the test display, which does not maich the
respective object in VSTM. So in this case, not the physical feature characterizes the
target, but the fact that it is not currently contained in VSTM. Because of this pardld
it seemes reasonable to analyse the data with respect to a potentidly existing N2pc
which could be related to the postulated change signal. So if a process of attentional
sdection isinvolved for finding a mismatch between an object in VSTM and a
currently perceived object, the N2pc component is very likely to be observed. This
was indeed the case in a pilot study which investigated the change sgnd by using the
N2pc component of the ERP waveform (Wesenick, Deube, & Reimann, 2003). In
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the experiment the present change detection paradigm was used with asample
digplay that contained two items left and right from fixation. The N2pc component
was observed on change-trids, time-locked to the onset of the test display. It
occurred approximately 200 ms after orientation changes and 300 ms after colour
changes (see figure 5.1). Thisresult is nicdy in accord with the assumption that an
attentiona mechanism isinvolved in detecting a mismatch between objects that are
represented in VSTM and corresponding objects that are currently perceived: Local
differences between memorized items and perceptua information are processed by
using the mechanism of visud atention. In addition, the change detection processis
very fast asit shows areflection in the ERP as early as 200 ms after simulus
presentation.

The andysdis of eye-movementsin change detection may dso help to dlarify
whether amechanism of visud atention isinvolved in change detection. It makes
use of the fact, that the attentiond system is closaly connected to the mechanism that
controls eye movements (Deubel & Schneider, 1996). Saccades are often caused by
items or eventsthat atract attention. They are not as much in our control as manua
reactions and are executed much faster. So, as afirst step, to learn more about the

time that is needed to detect a change, eye-movements were recorded in a change
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Figure5.1  TheN2pc component observed after the
presentation of atest item that differed from the samplein
colour or in orientation (Wesenick, Deubd, & Reimann, 2003).
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detection paradigm as has been used in the reported experiments of the present
dissertation (Wesenick, Schneider, Deubd, 2003). The empirica goa was to find out
at which saccade latency subjects could respond to a changed item by directing an
eye-movement to the target item. With a set Sze of four objectsit was found that ~
80% change trials were correctly indicated by the subjects. More importantly, on
these tridl's saccades were directed with high reliability to the criticd item at a

latency of approx. 330 ms after the orientation of a presented item changed with
respect to the orientation of the corresponding item stored in VSTM. Correct
saccades had alatency of approx. 450 ms after athe presentation of an itemwith a

changed colour (seefigure 5.2).

The observed latencies in the eye-movement andysisfit with the time course of
the observed ERP-component, where the N2pc after an orientation mismatch occurs
about 100 ms earlier than the N2pc after amismatch in colour. In addition thereisa
difference between the eectrophysiologica latency and the saccade latency of about
150 ms. It isknown that the very fast saccades have a duration of at least 120 ms
(Fischer, 1986). So, the most part if not al of the difference in latency of 150 ms
may be atributed to the programming and execution of the saccade in the eye-

100
o 80 1
(]
e}
IS
3
I 60 T
N
S
& 40 {
(@)
O >
S 20 —e— Color Change
v". ~-¥-- Qrientation Change
0 . . . .
0 200 400 600 800 1000

Response Latency [ms]

Figure5.2  Mean accuracy of saccades as afunction of eye
movement |atency to an item that does not maich the sample,
ether in colour or in orientation (Wesenick, Deubd, & Schneider,
2003).
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movement experiment (Becker & Jirgens, 1979). This result means that the two
experiments are at least quditatively in accord with each other in pointing at roughly

the same processing durations of the mismatch.

In conclusion, the methods of eectrophysiology and the andysis of eye-
movements have shown to be useful for a more detailed understanding of the VSTM
process of retrieval. Thereis preliminary evidence, thet in retrieving information
from VSTM amismatch with currently perceived information is processed very
efficiently and fast. Thereis aso evidence that a mechanism of visud attention is
involved in VSTM retrieval. It will be subject to future research to pursue thisline of
research and to investigate in more detail the mechanism that has here been termed
the change signal.

Closing Remarks

The present dissertation has shown that limitations of the human temporary
storage system for visua material cannot be described inasmpleway. VSTM is
limited in severd respects, which is not only due to alimited capacity or storage
duretion, asit is generaly believed. Limitations are to an important extent also based
on retrieva conditions. Furthermore, the different types of limitations are dways
complex and can only be described, when multiple factors are taken into account. So,
for example, to be able to pecify the limitationsin VSTM maintenance, the nature
of visud anadog representations has to be understood. The limitation in storage
duration, moreover, is dependent on active rehearsa or refreshment. It hasto be
taken into account that they presumably rely on the mechanism of visud attention. A
further example for the complexity of the limitation is, that the storage capacity
cannot be described by referring to asmple and generdly vaid number. Although it
isnow generaly acknowledged that the integrated object is the basic unit which
determines the capacity of VSTM, storage capacity is dso contingent on the number
of features that have to be retained in one object. Furthermore, the additiona storage
costs seem to be determined by the respective feature dimension. The fact that the
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specific amount of storage codtsis not yet known for the different festure dimensions
and feature combinations, illustrate the intricacy of the matter. Asafind example,

the retrieval process aso gppears to depend on severd factors. Retrievd is efficient
and fast when a change signa can be used to detect a mismatch between
representationsin VSTM and perceptud information. But retrieva can also gppear to
be extremdy limited, if in the presence of multiple changes aless efficient Srategy

has to be adopted for the task.

In the course of the present dissertation is has become evident that there are
variousinteractions between VSTM processes and visud attention: Firgtly, visua
atention seemsto be crucidly involved in the mechaniam of refreshing the stored
information during maintenance in VSTM. Furthermore, attention is presumably
important for processes of binding in VSTM. And findly, visud attention seemsto
have an important rolein retrieva of information from VSTM. The present
dissertation provides some suggestions how VSTM and visud attention act in
combination. A comprehensive and more detailed description of the multiple
rel ationships and interactions between VSTM and visud attention remains subject to

future research.
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Begrenzungen des menschlichen Arbeitsgedachtnisses

(deutsche Zusammenfassung)

Einleitung

In der kognitiven Psychologie haben sich Forscher von Beginn an fir die
Untersuchung des menschlichen Gedéchtnisses interessiert. Insbesondere snd ds
Vertreter des 19. Jahrhunderts Herrmann Ebbinghaus mit seinem beriihmten Werk
Uber das Gedéachtnis (1885) und William James zu nennen, der in seinem
klass schen Buch Principles of Psychology (1890) zwei Gedachtnisspeicher
unterschied. Die Idee einer genaueren Beschreibung verschiedener
Gedéachtnissysteme wurde Mitte des 20. Jahrhunderts im Rahmen des
I nformati onsverarbeitungsansatzes von Broadbent (1958) welter entwickelt. Eine
detalllierte Darstellung des menschlichen Gedéchtnisses gaben bald darauf auch
Atkinson und Shiffrin (1968). Sie beschrieben ein Gedéchtnismodell, das aus
mehreren Komponenten besteht. Eine dieser Komponenten ist das
Kurzzeitgedéchtnis, andere sind das sensorische Register und das
Langzatgedéachtnis.

Ein sehr einflussreiches Moddl| der temporéren Speicherung ist das
Arbetsgedéchtnismode | von Baddeley und Hitch (1974). Dieses Modd | ist wichtig
fur die Forschung zum visudlen Kurzzeitgedéchtnis, well es das Arbeitsgedéchtnis
nicht as einhetliches System annimmt, sondern mehrere Bestandteile beschreibt. Es
unterscheidet einen réumlich-visudlen Speicher und enen verbaen Speicher von der
Kontrollingtanz einer zentralen Exekutive,

Klasssche Studien zum visudlen Kurzzeitgedéchtnis wurden von Phillips (z.B.
Phillips, 1974) durchgefiihrt. Er entwickelte eine Methode zur Erforschung des
visudlen Kurzzeitspe chers und beschrieb dessen zentrden Eigenschaften. Obwohl
Phillips keine umfassende Theorie entwickdte, o war man zunéchst doch der
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Auffassung, dass nun die relevanten Fragen zu diesem Forschungsgebiet weitgehend
geklart seien.

Ergt mit der Entwicklung des neuen Paradigmas der kognitiven
Neurowissenschaften und mit Fortschritten in Neurobiologie, Neurophysiologie und
Gehirnforschung sind wichtige Themen der kognitiven Psychologie unter neuen
Schtweisen wieder aufgegriffen worden. Ein solches neues Gebiet in der kognitiven
Psychologie zum menschlichen Sehen widmet sich dem Phénomen der
» Verénderungsblindheit” (z.B. O'Regan, 1992; Rensink, 2000a, 2000b). Es entstand
eine neue Auffassung dariiber, wie der Mensch saine visudlen Umwet im Gehirn

représentiert. Das visudle Kurzzeitgedéchtnis spidt darin eine zentrale Rolle.

Alswatere wichtige Beitrage fir ein Vergandnis des menschlichen visudlen
Kurzzetgedachtnisses und wesentlich fir die vorliegende Arbeit ssien die
Untersuchungen zum transsakkadischen Gedéchtnis genannt (z.B. Irwin, 1991), die
Studien Uber das réumlich-visuele Arbetsgedéchtnis von Luck und Vogd (1997)
und die neurokognitive Theorie des visudl-raumlichen Arbetsgedéchtnisses von
Schneider (1999).

Fragestellung

Die vorliegende Dissartation kniipft an die genannten Arbeiten an und trégt zum
Vergandnis des visudlen Arbetsgedachtnisses bel. Die meisten
Arbeitsgedéchtni stheorien unterscheiden verschiedenen Funktionen wie z. B. die
Funktion der temporaren Speicherung oder die aktive Organisation und Modifikation
gespeicherter Information. In der vorliegenden Arbeit werden Aspekte der
Kurzzeitspeicherung untersucht, wobel das visuele Kurzzeitgedéchtnis (VKZG) ds
Tell desvisudlen Arbetsgedéchtnisses aufgefasst wird. Eine definierende
Eigenschaft des VKZG ig es, in mehrerer Hingicht Begrenzungen aufzuweisen.
Allgemeines Zid der vorliegenden Arbeit ist es, diese Begrenzungen detaillierter zu
beschreiben. Die Begrenzungen dreier Aspekte des VKZG werden untersucht:

RETENTION:  Zunéchst werden Begrenzungen in der Dauer des
Gedéachtnisspeichers fir eine neue Art von Stimulusmaterid untersucht, welchesin
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den Experimenten der gesamten vorliegenden Arbait verwendet wurde. Wie kann die
Speicherung im VKZG in seinem Zeitverlauf beschrieben werden? Wie seht der
Ubergang von ikonischer Représentation der Information zur Speicherung, die dlein
auf das VKZG zuriickgeht, aus? Wie lange kann die Information insgesamt im

Speicher verbleiben, bevor sie vergessen wird?

FORMAT: Der zweite Aspekt betrifft Begrenzungen in der Kapazitét des VKZG.
Wievid Information kann das VKZG speichern? Diese Frage kann nicht adaguat
beantwortet werde, ohne dass das Speicherformat spezifiziert i, in dem die
Information im VKZG représentiert wird. Wird die Information in Form von ganzen
Objekten gespeichert oder ist die Anzahl der Objektmerkmale ausschlaggebend fir
die Kgpazitét? Die vorliegende Dissertation untersucht, ob das Binden von
Merkmaen Kosten fir die Speicherung im VKZG hat. Diese Frage wurde auch von
Luck und Vogd (1997) untersucht, welche jedoch zu Ergebnissen gelangten, diein
der vorliegenden Arbeit nicht vollstandig bestétigt werden konnte. Eine modifizierte
Sichtweise und die zugrundeliegenden empirischen Befunde werden dargestdlit.

ABRUF: Dirittens werden Begrenzungen der Verarbeitung im VKZG
beschrieben, die auf limitierte Abrufbedingungen zurtickzufihren Sind.
Begrenzungen der Gesamtleistung des VKZG haben ihre Ursache demnach nicht
ausschlieldich in der eingeschrénkten Kapazitét. Die vorliegende Arbalt zeigt, dass
der Prozess des Abrufs aul3erst begrenzt sein kann. Dieser Aspekt ist von der
Forschung bidang nur wenig beachtet worden. Bisher liegen keine systematischen
Untersuchungen zum Abruf und keine theoretischen Vorstellungen dartiber vor, wie
der Abrufprozess konzeptuaisert werden kann. Empirische Ergebnisse und eine
theoretische Beschreibung Uber den Abruf vom VKZG werden in der vorliegenden
Dissertation prasentiert.

In alen Experimenten der vorliegenden Arbeit wird visudles Stimulusmaterid
verwendet, das sehr abstrakt und von sehr einfacher Struktur ist. Es handelt sich um
einfache geometrische Figuren, namlich Rechtecke verschiedener Farbe, Lange und
Orientierung. Zwe Eigenschaften der Stimuli Sind besonders hervorzuheben. Zum
enen ig von ene watgehend visud|-raumlichen Speicherung auszugehen, zum
anderen besteht das Materid aus abgegrenzten, gut definierten einzelnen Objekten,
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deren Komplexitét leicht zu kontrollieren ist. Esist somit moglich die Kgpazitét
durch die Anzahl von Objekten und die Anzahl ihrer Merkmale, die gespeichert

werden kdnnen, anzugeben.

Das verwendete experimentelle Paradigma besteht aus einer Aufgabe der
Veranderungsdetektion. Eswird zunéchst eine Gedéchtnisvorlage mit den zu
merkenden Stimuli gezeigt (400 ms). Diese Gedachtnisvorlage wird wieder
ausgeblendet, und die Stimuli missen fir ein bestimmtes Behdtensintervall so gut
wie mdglich memoriert werden (z.B. 2000 ms). Anschlief3end wird eine Testvorlage
présentiert. Sie enthat entweder exakt diesdben Stimuli wie die Gedéchtnisvorlage
oder eines der Objekte unterscheidet sich von dem entsprechenden vorherigen Objekt
in eénem Merkmal. Die Aufgabe i, durch Driicken der entsprechenden Maustaste

anzuzeigen, ob eine Veranderung vorliegt oder nicht.

Ergebnisse

Retention

In Experimenten 1 und 2 wurde der Zeitverlauf der Speicherung im VKZG
untersucht. Die Gedéachtnideistung wurde in dem oben beschriebenen
experimentellen Paradigma und der Aufgabe der V erénderungsentdeckung getestet.
Dazu wurde das Retentionsintervall systematisch variiert (zwischen 14 ms und 8000
ms). Eswurde erwartet, dass sch be sehr kurzen Retentionsintervalen bis zu etwa
300 msdie Speicherung in Form von visuell analogen Reprasentationen in der
Gedéchtnideistung zeigen wirde. Visuel andoge Représentationen Snd en Tell des
ikonischen Gedéchtnisses (Di Lollo & Dixon, 1988). Sie haben eine unbegrenzte
Speicherkapazitédt und eine Dauer von ca. 300 ms (Irwin & Y eomans, 1986). Folglich
wurde fur Behdtensntervale bis etwa 300 ms eine sehr hohe Gedéchtnideistung
von mehr a's 90% Genauigkeit unabhéngig von der zu merkenden
Informationsmenge erwartet. Nach dem Zerfal der visudll analogen
Représentationen wirde sich die Speicherung dlein auf das VKZG griinden. Fur die
l&ngeren Speicherdauern miisste nun eine deutlich niedrigere Gedéchtnideistung zu
beobachten sain, die zudem von der zu speichernden Informationsmenge abhéangt.

Ausgehend von friheren Studien miisste diese Gedéachtnideistung Uber dle langeren
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Behdtenantervale hinweg stabil bleiben (Kikuchi, 1987; Parr, 1992; Pashler, 1988;
Phillips, 1974).

Im Gegensatz zu diesen Annahmen wurde keine von der Informationsmenge
unabhangige, sehr hohe Gedéchtnideistung beobachtet. Stattdessen zeigte Sch eine
relative Sabile, von der Informationsmenge abhangige Leistung auf niedrigerem
Niveau. Diese Ergebnisse zeigen, dass von visudl anadogen Représentation kein
Nutzen fUr die Lésung der Aufgabe gezogen werden kann. Zwel mogliche
Antworten werden in Kapitel 2 der vorliegenden Arbeit vorgeschlagen. Erstens
konnten Trangenten, die durch den Onsat der Stimuli in der Testvorlage verursacht
werden und Uber das gesamte Sehfeld vertellt Snd, digenigen Trangenten
measkieren, welche durch die lokae Veranderung des kritischen Objekts verursacht
werden. Die Trandenten der lokden Verdnderungen hétten ansonsten zur Lésung der
Aufgabe ausgenutzt werden konnen. Spezifische experimentelle Manipulationen
fuhrten zur Zurtickweisung dieser Vermutung. Eine zweite Erkl&rung konnte sein,
dass die visud| analogen Représentationen der zu merkenden Stimuli nicht
auschlieldich durch den Onset der irrdlevanten Objekte im der Testvorlage
unzuganglich waren. Es kdnnte sain, dass die visuell anaogen Reprasentationen
durch neue Information Uberschrieben wird, die in der Testvorlage enthaten i<,
Diese Hypothese scheint sich durch stiitzende Evidenz zu bestétigen.

Dass nach Intervalen von 4 Sekunden oder 18nger kein welterer
Informationsverlust zu beobachten i, simmt mit friiheren Studien Gberein (Kikuchi,
1987; Parr, 1992; Pashler, 1988; Phillips, 1974). Die Kapazitét des VKZG belauft
sch auf mehr as zwe und weniger ds vier Objekte. Es kann angenommen werden,
dassdieim VKZG gespeicherte Information fir eine Dauer von 15 Sekunden oder
langer aufrechterhaten werden kann, wenn die Versuchsperson vollstandig mit
dieser Aufgabe befasst ist. Aktive Retentionsmechanismen verhiten den
Informationsverlust durch passven Zerfdl oder Interferenz. In der neurokognitiven
Theorie von Schneider (1999) it ein Auffrischungsmechanismus verantwortlich
dafiir, ein Vergessen zu verhindern. In dieser Theorie haben die Objekte, dieim
VKZG gespeichert Snd, ein htheres Aktivationsniveau ds die Objekte, dieim
Wetthewerb um den Eintritt ins VKZG stehen. Durch den
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Auffrischungsmechanismus werden die gespel cherten Objekte auf einem
Aktivationsniveau gehdten, der notwendig fir den Verbleib im VKZG ist.

Soeicherformat

Thema des dritten Kapitelsist die Relation zwischen dem Speicherformat des
VKZG und dessen Begrenzung in der Kapazitét. Luck und Voge (1997) stdlen fest,
dass sich die Kapazitét des VKZG aus der Anzahl ganzer Objekte bestimmt,
unabhangig von der Zahl ihrer Merkmale. Diese Behauptung kann aufgrund der
experimentellen Befunde, die im Rahmen der vorliegenden Arbeit erhoben wurden,
nicht voll bestétigt werden. Die hier durchgefUihrten Experimente 3a und 3b weisen
zwar darauf hin, dass tatsachlich ganze Objekte die grundlegende Einhelt des VKZG
darstellen. Dennoch zeigt Sich, dass die Gedéachtnidestung grof3er ist, wenn nur
einzelne Merkma e von Objekten memoriert werden sollen ds wenn die Konjunktion
mehrerer Merkmal e behaten werden muss. Dies [&sst darauf schlief3en, dass das
Binden von Objektmerkmalen Speicherkosten hat. Die Kosten fur das Binden eines
zusétzlichen Merkmasin einem Objekt sind jedoch nicht so grol3 wie die Kosten fir
die Speicherung eines vallig neuen Objekts. Eine Ausnahme bildet die Speicherung
von Objekten, die sich aus Merkma en derselben Merkmal sdimension
zusammensetzen. In Experiment 4 war die Gedéchtnideistung fir Objekte, die aus
zwel Farben bestehen erheblich schlechter ds die Gedéchtnideistung fir einfarbige
Objekte. So war die Gedéchtnideistung fir zwel zweifarbige Objekte vergleichbar
mit der Gedéchtnidestung fir vier einfarbige Objekte. Das bedeutet, dass die
Speicherkogten fir ein zuséizliches Merkmal derselben Dimension vergleichbar ist
mit den Speicherkosten fir ein zusétzliches Objekt. Diese Beobachtung widerspricht
klar den Befunden von Luck und Vogd (1997), die keine zusétzlichen
Speicherkosten im Fall von zweifarbigen Objekten beobachten konnten. Ein weiteres
Labor konnte die Befunde von Luck und VVogd (1997) ebenfals nicht bestétigen
(Wheder & Treisman, 2002) und stimmt somit mit den Befunden der vorliegenden
Arbelt Uberein, die bereits an anderer Stelle berichtet wurden (Schneider, Deubd, &
Wesenick, 2001). Die vorliegenden Befunde lassen sich wie folgt zusammenfassen:

v DieKapazitét des VKZG bestimmt sich durch die Anzahl der zu
speichernden Objekte.
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v" Das Binden mehrerer Objektmerkmale in einem Objekt hat Speicherkosten,
wobe die Kosten fur das Binden nicht so hoch sind wie fir die Speicherung

eines neuen Objekts.

v" Wenn jedoch Merkma e derselben Dimension in eéinem Objekt kombiniert
werden, dann sind die Speicherkosten sehr vidl grof3er. Sie sind vergleichbar
mit den Kosten fur die Speicherung eines neuen Objekts.

v" Die Gedéchtnideistung it nicht fiir dle Merkmde gleicht, sondern vaiiert je
nach Merkma sdimengon.

Diese Ergebnisse haben wichtige Implikationen fir eine Konzeption der
Speicherung im VKZG und miissen in jeder Theorie des VKZG Bertickschtigung
finden. Einige theoretische VVorstellungen werden in Kapitel 3 berichtet. Darin wird
visudle Aufmerksamkalt ds zentrder Mechaniamus bel der Merkmashindung in der
visudlen Wahrnehmung posiuliert. In Kapitel 3 werden dariiber hinaus
Forschungshefunde dargestellt, die zum Zid haben, Bindungsmechanismen auf
physiologischer Ebene zu beschreiben.

Abruf

Kapitels 4 der vorliegenden Arbeit beschéftigt Sch mit dem Thema des Abrufs
von Informationen aus dem VKZG. Zur Untersuchung dieses Aspektswird im
verwendeten experimentellen Paradigma sowohl die Struktur des Gedéchtnistests ds
auch die Abrufaufgabe variiert. In Experiment 5 zeigt Sich, dass es keinen Einfluss
auf die Gedéchtnideistung hat, ob im Test die gleiche Anzahl vorher présentierter
Objekte gezeigt wird oder nur ein einzelnes kritisches Objekt. Dieses Ergebnisist
sehr Uberraschend, wenn man von einem seriellen Vergleich der im VKZG
gespei cherten Objekten mit den wahrgenommenen Objekten ausgeht. Im Fall der
Présentation eines einzigen Objektsim Test, muss nur dieses eine Objekt verglichen
werden, d.h. der Ort des kritischen Objektsist bekannt. Dagegen ist diesbel
mehreren Testobjekten nicht der Fall. Multiple Vergleiche wéren unter dieser
Annahme zur Losung der Aufgabe notwendig. Die experimentellen Ergebnisse
erfordern die Entwicklung einer aternativen Erklarung. Hierzu wird die Hypothese

eines Verdnderungssgnals gebildet, welches von einer lokade Inkongruenz von
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Gedéchtnisinhdt und wahrgenommener Information generiert wird. Es kann dazu
ausgenutzt werden, um eine solche Inkongruenz schnell und effizient zu verarbeiten.

Experiment 5 zeigt auch, dass es einen gravierenden Abfall in der
Gedachtnideistung gibt, wenn die urspriingliche Aufgabe in bestimmter Weise
verdndert wird. In der urspriinglichen Aufgabe kann im Test ein Objekt vorhanden
sain, das sch von dem entsprechenden Objekt der Gedéachtnisvorlage unterscheidet,
wahrend die anderen Objekte gleich geblieben sind. Es soll beurteilt werden, ob ein
veréndertes Objekt im Test enthaten ist (detect change Aufgabe). In einer anderen
Aufgabe andern sich dle Objekte im Vergleich zur Gedéchtnisvorlage. Es kann
jedoch sein, dass eines der Objekte gleich geblieben ist. Hier soll beurtellt werden,
ob ein kongruentes Objekt vorhanden ist oder ob dle Objekte anders sind asin der
Gedéchtnisvorlage (detect match Aufgabe). Die Gedéchtnideistung in der detect
match Aufgabe ist deutlich schlechter asin der detect change Aufgabe. Auch dieser
Befund kann mit der Annahme eines Verénderungssignas erklart werden: Drei
verénderte Objekte verursachen Veranderungssignale, das eine nicht verdnderte
Objekt hingegen nicht. Es gibt in diesem Fall kein endeutiges Signd, das effektiv
und schnell fiir die Losung der Aufgabe ausgenutzt werden kann. Moglicherweise
wird nun attdessen ein seridler Vergleich initiiert, der langsam und fehleranfdlig
ist. Dieser Vergleichsprozess, so die Hypothese, verlangt Ressourcen der visuellen
Aufmerksamkeit, welche ihrersaits mit der Aufrechterhatung der Information im
VKZG beschéftigt ist. Sewird nun von dieser Aufgabe fir den Vergleichsprozess
abgezogen. Dajetzt keine Aktivierung des gespeicherten Materids moglich i, geht
es verloren und ist nun nicht mehr verflgbar. Falsin dem ersen Vergleich das
richtige Objekt nicht ausgemacht werden konnte, snd keine weiteren Vergleiche zur
L ésung mehr maglich. Daher die sehr vid schlechtere Gedéchtnideistung asin der
Bedingung mit der Aufgabe der lokaden Veranderungsdetektion.

Alle folgenden Experimente haben zum Zid, weitere Evidenz zur Stiitzung dieser
Hypothese zu sammen und Eigenschaften des Verénderungssignals néher zu
spezifizieren. So wird in Experiment 6 gefunden, dassin der detect match Aufgabe
ein lokder Hinweisreiz zur Ldsung batragen kann, wenn dieser im
Behdtenantervall oder gleichzetig mit dem Test présentiert wird. Er hilft nicht,
wenn er erst etwas nach dem Test gezeigt wird. In Experiment 7 zeigt sich, dass das
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Veranderungssigna durch irrelevante Anderung der Orte ausgel 6st werden kann,
wenn der Test multiple Objekte enthdt. Die Ortsinderung eines einzelnen Tedtitems
hat keinen Effekt. Experimente 8a und 8b zeigen, dass fir die Aufgabe irrdlevante
Anderungen in den Dimensionen Farbe und Orientierung nicht zu einer Stérung der
Leistung fuhren. Das wird d's Evidenz daflir angenommen, dass das
Verdnderungssignd hier nicht auftritt und daher in gewissem Mal3e durch die
Aufgabe modulierber ig.

Die Befunde werden zusammenfassend folgendermal3en erklart:

v Das Veranderungssignd wird durch eine Inkongruenz zwischen
Gedéchtnisnhdt und wahrgenommener Information hervorgerufen.

v" Das Veanderungssigna kann dazu ausgenutzt werde, um ein verandertes
Objekt zu lokaiseren, wenn irrdlevanter Digtraktorobjekte nicht ihre Orte
andern.

v Veranderungssignale entstehen spezidl auch dann, wenn relevante oder
irrelevante Objekte ihre Orte andern.

v" Wenn eine Anderung nicht unter Ausnutzung des Veranderungssignals
verarbeitet werden kann, dann wird ein fehlertrachtiger serieller
Verglechgprozess initiiert.

v" Dieser Verglechsprozess benétigt die Beteiligung von visudler
Aufmerksamkeit. Diese wird vom gegenwartigen Prozess der Auffrischung
von Information im VKZG abgezogen, so dass diese Information verloren
geht. Das bedeutet, dass nur jewells ein einziger Vergleich von eéinem Objekt
Im VKZG und einem wahrgenommenen Objekt moglich i

Schlussbemerkung

Die vorliegende Arbeit zeigt, dass sSch Begrenzungen des VKZG nicht in
einfacher Welse beschreiben lassen. Zum einen bestehen saine Limitierungen nicht
nur, wie gemeinhin angenommen, in der Kapazitét oder in einer begrenzten
Speicherdauer. Limitierungen sind wesentlich auch auf Bedingungen des Abrufs
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zurtickzufUhren. Zum anderen it die jewellige Art der Limitierung von komplexer

Art und nur unter Beachtung verschiedener Faktoren zu beschreiben.

Limitierungen in der Speacherdauer kdnnen nur in Bezugnahme auf eine weitere
Art der Gedéchtnisreprasentation beschrieben werden, namlich auf die der visudl
and ogen Reprasentationen. Die Abgrenzung der beiden Speichersysteme ist nur
unter Bertickschtigung von Bedingungen des Informationsflusses, wie z.B.
M echanismen des Uberschreibens maglich. Die Begrenzung der Speicherdauer hangt
zudem von dem aktiven Mechanismus der Aufrechterhaltung oder der Auffrischung
der gespeicherten Information ab. Dieser Mechanismus involviert vermutlich visudle
Aufmerksamkeit. Es muss spezifiziert werden, in welcher Welse hier VKZG und
Aufmerksamkeit zusammenwirken.

Eine Limitierung in der Speicherkepazitét ist ebenfdls nicht einfach durch eine
sample und algemeingiltige Angabe der Grol3e des Speichers zu beschreiben.
Obwohl es ds erwiesen anzunehmen ist, dass ganze visuelle Objekte die
grundlegende Einhet zur Kapazitéisbemessung bilden, so ist die Speicherkapazitét
dennoch von der Anzahl der zu merkenden Merkmale pro Objekt abhéngig. Zudem
scheinen die zusétzlichen Speicherkosten je nach Merkma sdimension verschieden
zusan. Esig ungeklart, wieim einzelnen zusitzliche Speicherkosten fir die
verschiedenen Merkma e und Merkmal skombinationen zu veranschlagen sSnd.

Auch die Limitierungen des Abrufprozesses snd recht komplex. Der Abruf kann
unter Ausnutzung enes Verdnderungssgndss effektiv vondatten gehen, wenn es gilt,
eine lokae Inkongruenz zwischen im VKZG gespeicherter und wahrgenommener
Information auszumachen. Der Abruf it extrem limitiert, wenn aufgrund multipler
Anderungen eine weniger effektive Strategie zur Lésung der Aufgabe eingesetzt
werden muss. M églicherweise muss ein aufwendiger Vergleichsprozess unter
Einbezug visudler Aufmerksamket herangezogen werden, welche dann nicht mehr
fur andere Aufgaben zur Verfiigung seht. Die Rolle von visueler Aufmerksamkeit
beim Abruf von Informationen aus dem VKZG igt nur im Ansatz geklart.

Im Zuge der vorliegenden Arbeit haben sich komplexe Zusammenhange
zwischen Prozessen des VKZG und der visudlen Aufmerksamkelt gezeigt. Visudle
Aufmerksamkeit scheint entscheidend am Mechanismus der Auffrischung
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gespeicherter Information zu sein. Weiterhin ist visudle Aufmerksamkeit
moglicherweise wichtig fir Bindungsprozesse im VKZG. Und schlieldich wird ihr
eine wichtige Rolle beim Abruf von Information aus dem VKZG zugewiesen. Die
vorliegende Dissartation konnte Hinweise zur Kl&rung der Zusammenhénge von
VKZG und visudler Aufmerksamkeit liefern. Die weitere und detaillierte
Beschreibung und Aufkl&rung der vidfétigen Beziehungen wird Aufgabe
Zukiinftiger Forschung sein.

158



Acknowledgement

Acknowledgement

Mogt of dl, | wish to thank Werner X. Schneider for supervising this doctoral thesis. |
am grateful for the freedom and autonomy he gave me and the confidence he had in my
work throughout the last years. He gave me the opportunity to get involved in
psychologica research and since then encouraged and supported me in many ways. His
enormous knowledge, and the way he discussed hisideas on theoretica issues were very
ingpiring and | grestly profited fromiit. | dso want to thank Heiner Deubdl. He was a
consderate and criticad mentor who demanded high standards in every respect. At dl times

| enjoyed hiswits and crestive ideas for new experiments.

| am especidly grateful that | had the opportunity to take part in the program of the
European Diplomain Cognitive and Brain Sciences (EDCBS), 2000-2001. The demanding
training | received and the meeting with researchers and fellow PhD-students from dl over
Europe were an exceptiona experience. It is my hope that the EDCBS program will get
further support so that it can be continued in the future.

As very important for my scientific progress | want to mention the numerous
discussons with my colleagues from our department and from the Max- Planck- Indtitute,
induding lunch meetings, colloquia, and pre- and post-colloquiawith our guests. |
experienced science not as a boring and lonesome occupation and learned that good

research needs cheerful and inspiring socia environment.

Findly, | thank my dear family — Heiner, Smon and Anya— for their support. They are
the heart of my life and make me happy.

Maria-Barbara Wesenick
Munich, October 2003

159



Lebenslauf

Lebenslauf

Maria-Barbara Wesenick

geboren am 10.02.1968 in Buchholz in der Nordheide

Ausbildung
1987
1988 — 1994
1996 — 2000
2000 - 2001
2004

Abitur am Hainberg Gymnasium Gottingen
Studium der Phonetik und Sprachlichen Kommunikation

1988 — 1991 am Institut fir Phonetik und Digitale Sprachverarbeitung,
Christian-Albrechts-Universitat Kiel

1991 — 1992 am Department of Phonetics and Linguistics, University
College, London, UK

1992 — 1994 am Institut fir Phonetik und Sprachliche Kommunikation,
Ludwig-Maximilians-Universitat Minchen

1994 Abschluss Magister Artium

Studium der Psychologie am Institut fir Psychologie, LMU
Munchen, Abschluss Diplom

Stipendiatin des Weiterbildungsprogramms zum European
Diploma in Cognitive and Brain Sciences (EDCBS)

Promotion im Fach Psychologie

Berufliche Tatigkeit

1994 — 1996

1998 — 2000

2001

seit 2002

Wissenschaftliche Mitarbeiterin am Institut fir Phonetik und
Sprachliche Kommunikation, LMU Minchen

Wissenschaftliche Mitarbeiterin am Institut fur Psychologie, LMU
Munchen

Wissenschattliche Assistentin am Lehrstuhl fiir Biopsychologie und
Klinische Psychologie der Katholischen Universitat Eichstatt

Wissenschaftliche Mitarbeiterin am Institut fir Psychologie, LMU
Munchen

160



