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1
Working memory (WM) refers to the cognitive system that enables temporary main-

tenance and manipulation of information (Baddeley, 2010; Carlisle, Arita, Pardo, & Wood-
man, 2011; Cowan, 1999; Oberauer, 2002). Therefore, WM allows us to accomplish most of 
our everyday cognitive tasks such as searching for a friend in a bar in Mexico or using your 
ATM pin to take money from an ATM. WM operations are also critical for higher-order 
cognitive functions such as planning and problem-solving. For example, by applying math-
ematical operations on numbers held in WM, one can calculate the percent of discount of-
fered on a product in a shop. Although there is still no strict definition of WM, there is some 
consensus on its main characteristics. Specifically, it is generally agreed that WM process-
es internal representations in the absence of sensory input. These representations are lost 
rapidly unless maintained by rehearsal (Barrouillet, Bernardin, & Camos, 2004; Berman, 
Jonides, & Lewis, 2009; Zhang & Luck, 2009). Why information is lost from WM without 
rehearsal is a subject of ongoing debate. Decay theories assume that WM traces fade away 
over time (Barrouillet & Camos, 2012; Barrouillet et al., 2004; Burgess & Hitch, 2006). The 
opposing interference-based view assumes that forgetting of information in WM is due to 
interference from competing material (Lewandowsky, Oberauer, & Brown, 2009; Oberauer 
& Lewandowsky, 2014; Oberauer, Lewandowsky, Farrell, Jarrold, & Greaves, 2012). The lim-
ited durability of internal representations in WM may be associated with the fact that WM 
allows for only a few representations to be retained at the same time (Cowan, 2010; Luck & 
Vogel, 1997). Because of this limitation, there is a need to maintain only information that is 
relevant for a current task and to filter out or forget information that is no longer relevant. 
The prioritization of relevant over irrelevant information is supervised by the attentional 
system (Desimone & Duncan, 1995). However, the role of attention in processing informa-
tion in WM is not restricted to the selection of information. In fact, WM and attention in-
teract dynamically and often overlap in their functions (Awh, Vogel, & Oh, 2006; Kiyonaga 
& Egner, 2013). For instance, there have been several studies that have shown that holding 
information in WM will lead to attentional selection of matching stimuli in the environment 
(Olivers, Meijer, & Theeuwes, 2006; Soto, Hodsoll, Rotshtein, & Humphreys, 2008). 

Taken together, most of the tasks in everyday life necessitate the employment of WM. 
This is often associated with dynamic switching between successive tasks and the require-
ment to process a large amount of information. However, not all information can be pro-
cessed at once, thus encoding, selection and deactivation of information in WM need to 
occur dynamically and flexibly to meet the demands of an ongoing task. The studies docu-
mented in this thesis provide further insights into the dynamics involved in the encoding, 
selection and deactivation of information in WM. To this end, we examined how various task 
conditions influence WM activation using the phenomenon of memory-driven attentional 
capture as our primary index of the degree of WM activation. 

Models of working memory

The concept of WM was developed by Baddeley and Hitch (1974) as an alternative to 
the more passive short-term memory notion of Atkinson and Shiffrin (1968). According to 
Baddeley’s multicomponent model (Baddeley, 1992; Baddeley, 2003; Repovs & Baddeley, 
2006), WM comprises a supervisory central executive system which controls two subor-
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dinate systems: the phonological loop and the visuo-spatial sketchpad. The phonological 
loop holds verbal information whereas the visuo-spatial sketchpad holds visual information. 
Memory traces that are encoded verbally can be refreshed by active rehearsal to prevent 
forgetting. The last addition to the model was a capacity-limited episodic buffer which inte-
grates information from different systems including WM sub-systems and LTM (Baddeley, 
2000). 

Recent models of WM distinguish between different states of WM content rather than 
separate systems (Cowan, 2008, 2011, Oberauer, 2002, 2013; Olivers, Peters, Houtkamp, & 
Roelfsema, 2011). These models became popular because they can easily accommodate the 
results of neuroimaging studies that show that information in WM can adopt different states 
depending on task demands (Larocque, Lewis-Peacock, & Postle, 2014; Lewis-Peacock & 
Postle, 2012). In Cowan’s model (1995, 2008, 2011), WM is conceived of as the activated 
part of long-term memory (LTM), and it is assumed that attention can be used to focus on 
a subset of the items represented in the activated part of LTM. Items in the activated part 
of memory can be deactivated by temporal decay and interference. The focus of attention, 
in turn, is assumed to have a capacity limited to about four items (Cowan, 2010). This as-
sumption is supported by behavioral and EEG studies showing that WM can hold about four 
objects online (Cowan, 2010; Luck & Vogel, 1997; Luria, Balaban, Awh, & Vogel, 2016; Vogel 
& Machizawa, 2004).  

Oberauer’s  model (2002, 2009, 2013) is built on similar assumptions as Cowan’s mod-
el (1995, 2008, 2011), although it uses slightly different terminology.  The main modifi-
cation in Oberauer’s model concerns the assumption that the focus of attention is limited 
to only a single item, unlike Cowan’s assumption that it can include up to four items. In 
addition, Oberauer proposes that there are three possible states in which representations 
can be stored in WM: a single-item focus of attention, a capacity limited region of direct 
access, and the activated part of long-term memory. Similar to Cowan’s model (1995; 2008; 
2011), the representations in the activated part of long-term memory can be accessed by 
WM. The region of direct access in Oberauer’s model corresponds to focus of attention in 
Cowan’s model. The limitation of the region of direct access in Oberauer’s model, however, 
is a consequence of interference between concurrent representations in WM rather than a 
capacity limit per se as in Cowan’s model. The function of the focus of attention is to select 
one currently task-relevant item amongst the representations activated in WM.  

In examining the multiple states account of WM activation, Oberauer (2001) used a 
modified version of the Sternberg task. Participants memorized two lists of words that were 
simultaneously presented on the screen. Each list consisted of either one or three words. 
These memory lists were followed by a cue that indicated which of the two lists was rele-
vant for a recognition test, thus signifying that the uncued list could be forgotten. After a 
variable interval, participants responded whether a memory probe was a member of the 
to-be-remembered list. This study yielded two important findings. First, the effect of irrel-
evant-list-length (that is, slower response times to the memory probe when the irrelevant 
list was longer) persisted for less than 1 s, suggesting that it might take only one second to 
remove the uncued items from the region of direct access. Secondly, response times to the 
memory probe were slower when the memory probe was from the to-be-forgotten list than 
when memory probe was a new word (not included in either list) and this effect was pres-
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ent even after 5 s from the presentation of the cue, suggesting that uncued items were not 
completely forgotten after they had been removed from the region of direct access. These 
findings were taken as evidence of a transition from the region of direct access to activated 
part of LTM. According to this account, the uncued items were activated above baseline in 
LTM long after they were removed from the region of direct access and thus they could still 
intrude in responding to the probe. 

Support for a single-item focus of attention is provided by findings showing that a re-
quirement to switch the focus of attention between mental representations in WM leads to 
the switching costs (Oberauer, 2003). In a study reported by Oberauer (2003), participants 
were asked to maintain up to 4 digits in memory, thus the set size of digits did not exceed the 
capacity limit of WM. Subsequently, they performed a sequence of arithmetic operations on 
them. In each step, the spatial location or the color of the digit indicated which of the digits 
had to be accessed in WM and modified by addition or subtraction (e.g. 4; + 3). Participants 
typed their response after each operation. For memory sets larger than one, the digit to 
which the operation had to be applied could be the same as the previous digit (no object 
switch) or it could be different (object switch). The results showed that when participants 
had to use the same digit in WM to perform the calculation, the reactions times were faster 
compared to when participants had to access a different digit. These switching costs in-
creased with memory set size. Taken together, these findings are consistent with the notion 
that the focus of attention is a state reserved for only one item at a time as the requirement 
to focus attention on a new item is associated with time costs, even when this item is acti-
vated in WM. Recent studies investigating the relationship between WM representations 
and visual attention provide further support for the assumption that attention can only be 
focused on a single item at a time in WM. Specifically, these studies have shown that when 
participants are required to look for two targets simultaneously, search times are slower 
compared when they need to look for only one target (Houtkamp & Roelfsema, 2009; Men-
neer, Barrett, Phillips, Donnelly, & Cave, 2007). 

The models proposed by Oberauer (2002, 2009) and Cowan (1995; 2008; 2011) are 
also compatible with an account of WM activation proposed by Olivers at al. (Olivers et al., 
2011). According to this account, WM representations can be held in an active or an accesso-
ry state depending on their relevance. Consistent with Oberauer’s proposal of a single-item 
focus of attention, the account of Olivers assumes that the unique active state is reserved for 
a search template, of which there can be only one at a time. The items held in an accessory 
state are not relevant to the task at hand and have a more passive state with little or no in-
fluence on visual selection because the item held in an active state can block the accessory 
items from influencing attentional selection. The different states of representations in WM 
are illustrated in Fig.1.   
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Fig.1. Different states of representations in WM. cowan’s model distinguished two states in WM: a 

state referred as activated part of long-term memory (grey nodes) and a focus of attention state that can 

be adopted only by up to four items (purple area). In oberauer’s model there are three possible states in 

WM: activated part of long-term memory (grey nodes); capacity-limited state of direct access (purple area) 

and a focus of attention state limited to one item at a time (pink area). oliver’s model assumes that unique 

focus of attention state is reserved for a single search template (pink area). the search template exerts a 

strong influence on visual selection (sharp letter at the bottom). other representations in WM can be held 

in accessory state (purple area). the strong search template push accessory items to a state with little to 

no influence on selection (blurry letter c at the bottom).  

Relationship between attention and working memory

Although the role of attention in encoding, maintenance, and manipulation of WM 
representations is still under intensive investigation, there is no doubt that attention and 
WM interact closely with each other and that they overlap in their functions (Awh et al., 
2006; Awh & Jonides, 2001; Chun, 2011; Corbetta, Kincade, & Shulman, 2002; Gazzaley & 
Nobre, 2012; Kiyonaga & Egner, 2013; Postle, 2006). In this subsection, I will first describe 
an elementary function of attention. Secondly, I will discuss the functional overlap between 
attention and WM.    

The primary function of attention is to enable the selection of information that is rel-
evant for our current goals. Such selection can occur both during perception, and during 
the maintenance of information in WM. With regard to perception, the processing of infor-
mation has to be selective because there is too much information available in our environ-
ment and not everything can be processed by our cognitive system. Because of its selective 
function, attention can be described as a gateway to WM, such that attentional selection can 
lead to encoding and maintenance in WM. A number of studies have demonstrated that 
attentional selection can modulate both early sensory and later post-perceptual stages of 

a
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processing (Hillyard, Vogel, & Luck, 1998; Luck, Woodman, & Vogel, 2000; Vogel, Luck, 
& Shapiro, 1998). Specifically, psychophysical and neuroimaging studies have shown that 
perceptual enhancement of attended stimuli is associated with amplified responses of corti-
cal areas specialized for processing information related to the selected attribute  (Corbetta, 
Miezin, Dobmeyer, & Shulman, 1990; Hillyard et al., 1998; Luck & Hillyard, 1994). At the 
behavioral level, attention cued to the location of a subsequent target improves target de-
tection and discrimination ( Corbetta & Shulman, 2002; Posner, 1980; Posner & Petersen, 
1990) whereas targets that appear outside of attention often go undetected, as illustrated 
by research on change detection (Rensink, 2002; Simons & Rensink, 2005), inattentional 
blindness (Nakayama, Deutsch, & Nakayama, 1999; Simons & Chabris, 1999) and the at-
tentional blink (Raymond, Shapiro, & Arnell, 1992; E. Vogel et al., 1998). For example, the 
attentional blink refers to a drastic impairment in the detection of a second target in rapid 
serial visual presentation (RSVP), which occurs when the second target is displayed within 
200 – 500 ms after the first target (Raymond et al., 1992). According to one current view, the 
attentional blink occurs because the processing of a first target results in delayed attentional 
engagement for ensuing targets, thus preventing such targets from being attended and en-
coded in a consciously accessible form in WM (Nieuwenstein, Van der Burg, Theeuwes, Wy-
ble, & Potter, 2009; Wyble, Bowman, & Nieuwenstein, 2009). Taken together, these results 
demonstrate that attention allows for the selection of potentially relevant perceptual inputs 
and that such selection not only enhances the perceptual processing of such inputs, but also 
increases the likelihood that such inputs will be encoded in WM. 

Aside from selection during perception, attention can also operate on information rep-
resented in WM. A shift of attention within WM enables selection of mental representations 
for further processing (Corbetta & Shulman, 2002; Griffin & Nobre, 2003; Makovski, Suss-
man, & Jiang, 2008; Matsukura, Luck, & Vecera, 2007). Recent findings suggest that the 
consequences of shifting of attention within WM are functionally and neurally analogous to 
those of shifting of attention in perception (Belopolsky & Theeuwes, 2011; Dell’Acqua, Sessa, 
Toffanin, Luria, & Jolicœur, 2010; Tamber-Rosenau, Esterman, Chiu, & Yantis, 2011). The 
selected objects are prioritized for carrying out ongoing process. The studies investigating 
the nature of such a prioritization suggest that selecting a subset of items in WM might 
be associated with an increase in the fidelity of their representation (Makovski & Pertzov, 
2015; Williams, Hong, Kang, Carlisle, & Woodman, 2013), with the strengthening/refresh-
ing of their memory traces (Rerko & Oberauer, 2013; Souza & Oberauer, 2016) and with 
protection from deterioration due to interference or decay (Pertzov, Bays, Joseph, & Husain, 
2013; Souza, Rerko, & Oberauer, 2016). Thus, orienting attention to mental representations 
improves their quality and increases the likelihood that these representations will be suc-
cessfully remembered.  

A growing body of empirical evidence suggests that the selective function of attention 
is also closely linked to WM processes. For instance, evidence for the role of attention in 
rehearsal in spatial WM was provided by Awh et al. (1998), who showed faster processing of 
stimuli that appeared at a location that was to be held active in spatial WM. Moreover, the 
results of this study also showed that accuracy in the spatial WM task – that is, the ability 
for participants to remember a location in space correctly – was impaired when participants 
were forced to shift attention away from the location that corresponded to the memorized 
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location. Based on these findings, Awh and colleagues concluded that the maintenance of 
spatial information in WM relies on the concurrent allocation of spatial attention to the cor-
responding location. In further support of this conclusion, evidence from functional mag-
netic resonance imaging (fMRI) has shown that engaging in a spatial WM task modulates 
activity in early visual areas located contralaterally to the memorized location. Likewise, 
evidence from event-related potentials (ERPs) has shown that attention is allocated at mem-
orized locations (for a review see,  Awh & Jonides, 2001).  

Taken together, the main function of the attentional system is the selection of relevant 
information. The studies described above suggest that attentional selection within WM is a 
crucial component in the retention of representations in WM. These data are in accordance 
with state-based accounts assuming that focusing attention on a mental representation 
leads to stronger activation of that representation, which in turn improves the retention of 
that representation in WM (Cowan, 2011; Lepsien & Nobre, 2007; Lewis-Peacock & Postle, 
2012; Oberauer, 2013; Olivers et al., 2011).  

 Control of selection: Top-down versus bottom-up 

The selection of information based on concurrent maintenance of corresponding infor-
mation (Awh et al., 1998) can be considered as an example of top-down selection. Attention-
al selection can be controlled voluntarily, by top-down mechanisms, or involuntarily, by the 
salience of sensory information in our environment.  For example, top-down (goal-driven) 
control navigates selection in a task that requires searching for an object. In a typical search 
task, observers are first asked to remember a specific target and they are then asked to look 
for this target among a number of distracting items (Houtkamp & Roelfsema, 2009; Wolfe, 
1994, 2006). The search-template of the target is assumed to be activated in WM so as to 
bias attention towards a relevant object in the visual display (Desimone & Duncan, 1995). In 
this way, we are able to accomplish many visual search tasks of everyday life such as looking 
for a sweater in the wardrobe, searching for one’s cell-phone, or finding one’s favorite sham-
poo in a shop. In all these situations, internal representations guide visual attention towards 
matching items in the visual field (Wolfe, 1994, 2006). 

Whereas attention can be allocated to certain inputs voluntarily according to the cur-
rent goals, attention can also be captured involuntarily in a stimulus-driven manner (Awh et 
al., 2012; Corbetta & Shulman, 2002; Egeth & Yantis, 1997; Theeuwes, 2010). The propul-
sive force behind stimulus-driven (bottom-up) attentional capture is the salience of stimuli 
in our environment. Attention prioritizes stimuli that differ significantly with surrounding 
inputs, for example, a red bar among green bars. From an evolutionary perspective, bot-
tom-up selection enables an organism to detect inputs that are potentially relevant or dan-
gerous. 

The distinction between top-down versus bottom-up control of attentional selection 
is not always clear. For example, there is a debate on whether attentional capture by salient 
stimuli can be governed by top-down control (Belopolsky, Schreij, & Theeuwes, 2010; Folk, 
Remington, & Johnston, 1992; Remington, 2001; Schreij, Owens, & Theeuwes, 2008). Ac-
cording to the contingent capture account, attentional capture by salient stimuli depends 
on top-down factors such as current search goals. Support for this account can be found in 
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a study by Folk et al. (1992), in which participants were asked to search for a target stim-
ulus defined by color or abrupt onset. The search task was preceded by the presentation 
of a salient cue which could match the target property. The critical finding was that the 
cue captured attention only when it matched the target property (e.g., an irrelevant red cue 
attracted attention when participants searched for a red target but not when they searched 
for a target defined by abrupt onset). This finding led Folk and coauthors to conclude that 
attentional capture by a salient stimulus does not reflect a completely bottom-up process, 
as it is modulated by top-down attentional control. In contrast to this account, Belopolsky, 
Schreij and Theeuwes (2010) used a paradigm very similar to paradigm developed by Folk et 
al. (1992) and they provided evidence that top-down control does not influence attentional 
capture by salient stimuli. Contrary to the study by Folk et al., in which the target property 
was kept fixed over the whole block of trials, the participants in the study by Belopolsky 
et al. were cued at the beginning of trial whether they should search for a target defined 
by color or a target defined by abrupt onset. In addition, there was a neutral condition, in 
which the cue indicated that the target was equally likely to be defined in terms of color or 
abrupt onset. The results of Belopolsky et al. showed that a subsequently presented, salient 
cue attracted attention regardless of whether it matched the target-defining property. Fur-
thermore, an analysis of inter-trial effects revealed that when the property of the upcoming 
target was unknown, the target property from the previous trial determined whether a cue 
would capture attention in the current trial.  In light of these findings, Belopolsky et al. con-
cluded that top-down control cannot prevent capture by task-irrelevant, salient singletons. 
Secondly, Belopolsky et al. argued that the contingent capture effect in the study by Folk et 
al., in which the target-defining property was kept fixed in each block, could be in fact the 
result of inter-trial priming rather than a consequence of top-down control.   

To sum up, attention can be directed according to one’s current goals, in a top-down 
manner or it can be captured automatically by external stimuli that stand out from the 
background. Automatic bottom-up selection occurs even when the salient stimulus does not 
match the representation held in WM.   

Working-memory based guidance of visual attention

Most theories of visual selection postulate that representations of search targets (at-
tentional templates) in WM guide attention towards relevant perceptual input (Desimone 
& Duncan, 1995; Houtkamp & Roelfsema, 2009; Wolfe, 1994, 2006). Hence, an ability to 
prioritize targets by maintaining internal representations of such targets is crucial for the 
execution of any task that requires goal-driven attentional selection.  However, people some-
times keep in mind information that is not directly relevant for a current task. What are 
the behavioral consequences of having such irrelevant information in memory? This ques-
tion received much attention in recent years because it addresses the important question of 
whether retention of information in WM automatically results in selection of corresponding 
information in the environment. Many observations have shown that indeed items in WM 
may guide selective attention even when they are not relevant to the task at hand and even 
when it is detrimental to the task at hand (Downing, 2000; Gao et al., 2016; Olivers et al., 
2006; Pan, 2010; Pashler & Shiu, 1999; Soto et al., 2011, 2005). Downing (2000) was one 
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of the first to demonstrate that information in WM can guide selection.  In this study, par-
ticipants were instructed to memorize a face at the beginning of each trial. While holding 
a representation of this face in WM, they were asked to perform a probe discrimination 
task. Directly before the probe display, two faces were briefly shown on the screen. One 
of the faces was the same as the face stored in memory and the other was novel. Perfor-
mance in the probe discrimination task was better when the probe appeared at the location 
of the memory-matching face. From this finding, Downing concluded that visual attention 
was automatically drawn to the location of the face that matched the representation held 
in WM. Consistent with this conclusion, later studies provided converging evidence for the 
memory-driven attentional capture hypothesis (Soto et al., 2008). For instance, Soto and 
colleagues (2005) demonstrated that memory-driven capture could induce both costs and 
benefits in a search task. In this study, participants memorized a colored shape, which was 
followed by a search display of four colored shapes. Each of three shapes contained a distrac-
tor and one shape contained the target. Reaction times for the target were slower when one 
of the shapes containing a distractor matched the shape held in WM than when none of the 
shapes matched this shape, thus reflecting costs in search performance. In contrast, when 
the target was embedded in the same shape as that held in WM, search times were faster 
relative to a baseline condition, thus reflecting benefits in search performance. Furthermore, 
the cost of attentional capture by WM matching object were found even when the matching 
object always contained a distractor line. These findings suggest that visual attention is di-
rected towards items that match the contents of WM, even when such allocation of attention 
is detrimental to the execution of the current task. 

One question raised in the context of research on memory-driven attentional capture 
is whether this effect is truly caused by an active representation in WM or whether it might 
be better accounted for in terms of a priming effect, that is, the facilitation of the processing 
of a stimulus due to the prior presentation of a stimulus that is perceptually or semantically 
identical or related (Kristjánsson & Campana, 2010). To address this question, Soto and col-
leagues used their standard memory-driven capture paradigm and added a mere repetition 
condition in which participants did not have to remember the object that was presented at 
the beginning of the trial (Soto et al., 2005). In this case, the results showed no evidence 
of capture, thus suggesting that the cause of memory-driven capture indeed stems from 
holding the object in WM, and not from priming (see also, Kumar, Soto, & Humphreys, 
2009; Soto, Humphreys, & Rotshtein, 2007). More evidence supporting the claim that ac-
tive maintenance of an item in WM is essential to observe memory-driven capture comes 
from a study showing that when a visual search task is presented after memory test, selec-
tion is not affected by a matching distractor (Olivers et al., 2006). Assuming that the item 
in WM would no longer be actively maintained after the memory task, this finding suggests 
that maintenance of an item in WM is required for a bias of attention towards that item. 

Interestingly, the guidance of attention by WM has been also demonstrated to occur 
by an object that constitutes a different exemplar of the category to which an object held 
in WM  belongs (Balani, Soto, & Humphreys, 2010). In the study by Balani and colleagues, 
participants had to hold in WM a particular exemplar from a certain category (e.g., a Ben-
gal cat) for a later memory test. The same exemplar or a different exemplar (e.g., a Persian 
cat) of this category could then reappear as a distractor in a search task. The results showed 
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that the different exemplar attracted visual attention to the same extent as the same exem-
plar. Furthermore, a subsequent experiment showed that this capture effect was also present 
when a word corresponding to an object held in WM was presented in the search display 
instead of a picture. These findings suggest that a WM-matching distractor does not have to 
be presented in the exact same form to capture attention.        

As described above, there is ample evidence that items represented in WM can guide 
attentional selection. However, there are also conditions under which such memory-driv-
en guidance of attention is not observed, such that several conditions have been identified 
in which memory-driven capture is reduced or abolished. For instance, a requirement to 
search for a different target on each trial leads to an elimination of guidance by irrelevant 
items held in WM (Olivers, 2009), and this is thought to occur because changing the target 
of search on every trial increases the need to actively maintain a template of that target in 
WM (Carlisle, Arita, Pardo, & Woodman, 2011). In explaining these findings, it has thus 
been suggested that holding a search template active in WM will prevent a memory-driven 
capture effect for items that match the representation of other, irrelevant objects in WM 
(Downing & Dodds, 2004; Houtkamp & Roelfsema, 2006; Olivers et al., 2011). Such results 
concur well with WM models postulating that only one item at the time can be in the focus 
of attention in WM (Oberauer, 2002, 2013; Olivers et al., 2011). 

Another factor that influences the occurrence of memory-driven capture is WM load, 
that is, the number of items held in WM at the same time (Soto & Humphreys, 2008; Zhang, 
Zhang, Huang, Kong, & Wang, 2011). For instance, Zhang et al. (2011) showed that guidance 
of attention by WM is eliminated when WM load increased from one to four objects. An 
explanation for this result is that when four items are maintained in WM, it is unlikely that 
one of these items will be prioritized over other items; hence, it is unlikely that it will receive 
a special status in the focus of attention.  

Taken together, the memory-driven capture effect documented in numerous studies 
provides evidence for a dynamic interaction between activations in WM and visual selection.  
Moreover, this interaction seems to be shaped by task demands. Such observations can be 
interpreted in terms of models assuming that different states of activation in WM have dif-
ferent consequences for the selection of sensory information.      

How working memory forgets      

In memory research, forgetting often has a negative connotation. Indeed, when the 
information we want to remember is lost, we conceptualize forgetting as a failure of mem-
ory. However, the ability to forget information that we do not want to keep in memory is 
essential for a severely capacity-limited WM (Cowan, 2010; Luck & Vogel, 1997). That is, a 
fundamental requirement for its efficient use is to maintain only relevant information and to 
avoid the unnecessary use of WM capacity for the retention of information that is no longer 
relevant. The extent to which people are able to selectively maintain and forget information 
in WM, and how this affects the resulting representations, has been studied extensively us-
ing the retro-cue paradigm (Griffin & Nobre, 2003; Makovski, 2012; Makovski et al., 2008; 
Murray, Nobre, Clark, Cravo, & Stokes, 2013). In this paradigm, a spatial cue is presented 
after participants have first encoded a memory set of visual objects in WM. The cue indicates 
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which object(s) have to be maintained in memory, and which can be forgotten. Compared 
to an uncued condition in which all items need to be remembered, the results for such a 
retro-cue condition show a benefit in retention of cued items (Gunseli et al., 2014; Land-
man, Spekreijse, & Lamme, 2003; Pertzov, Bays, Joseph, & Husain, 2013; Souza, Rerko, & 
Oberauer, 2014, 2016). In a recent review, Souza and Oberauer (2016) discussed several hy-
potheses that have been proposed in the literature to explain the origin of retro-cue benefits. 
These hypotheses explain retro-cue advantage in terms of attentional strengthening or re-
freshing (Nobre, Griffin, & Rao, 2007; Rerko & Oberauer, 2013; Souza, Rerko, & Oberauer, 
2015), protection from perceptual interference (Matsukura et al., 2007; Souza et al., 2016), 
prioritization for comparison (Makovski et al., 2008), a retrieval head-start (Souza et al., 
2015), protection from time-based decay (Pertzov et al., 2013) or removal of no longer rel-
evant items (Kuo, Stokes, & Nobre, 2012; Souza et al., 2014). These alternative hypotheses 
are not necessarily mutually exclusive and may combine to account for the retro-cue effect.   

Although evidence suggest that removal of uncued items is an important contributor to 
retro-cue benefits (Souza et al., 2014; Williams & Woodman, 2012), so far most of the stud-
ies focused on testing memory for cued items, and only a few studies have examined directly 
the fate of items that were uncued, and thus irrelevant for the task at hand. In these few 
studies, participants were asked to memorize two objects, of which one was subsequently 
cued to be forgotten whereas the other had to be retained. Soon afterward, the participant’s 
memory for the to-be-forgotten item was tested in implicit or explicit manner. The results of 
these studies suggest that the uncued, no longer relevant object is completely expelled from 
WM, such that observers failed to recall this object when explicitly tested and it also did not 
attract attention in a visual task (Olivers et al., 2006; van Moorselaar, Olivers, Theeuwes, 
Lamme, & Sligte, 2015; Williams, Hong, Kang, Carlisle, & Woodman, 2013). 

What do we know about the mechanisms that underlie the forgetting of information 
that is no longer needed for the task at hand? The time-based decay theories and the inter-
ference theories were developed to explain the limitation in WM capacity, hence addressing 
why the information we do want to keep in WM is sometimes forgotten. However, the same 
theories also address the fate of the no longer relevant representations. Time-based decay 
theories propose that memory traces simply decay over time (Barrouillet & Camos, 2012). 
The decay can be averted by attention-based refreshing process such as a covert or overt 
rehearsal of information. The requirement to engage in processing of concurrent operation 
prevents refreshing process. Thus whenever there is time between processing episodes, the 
to-be-remembered information can be refreshed. The information in WM that is not pro-
tected by refreshing will fade away over time (Barrouillet & Camos, 2012; Barrouillet et al., 
2004). Thus, according to decay-theories, the retro-cue effect could occur through selective 
maintenance and rehearsal of the cued items, with the uncued items showing decay due to 
the lack of rehearsal. 

Another account of the retro-cuing effect on to-be-remembered and to-be-forgotten 
items can be found in the family of interference theories that assume that forgetting of in-
formation that we want to remember occurs because of interference between representa-
tions in WM (Lewandowsky et al., 2009; Oberauer & Lewandowsky, 2014; Oberauer et al., 
2012). In the interference-based model of performance in a complex span task (Oberauer 
& Lewandowsky, 2014, 2016; Oberauer & Lin, 2017), encoding information in WM is com-
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putationally implemented as a Hebbian learning rule. Specifically, this model consists of a 
two-layer neural network in which one layer represents items and another layer represents 
associated positions or context markers. Encoding items in the network is accomplished 
via Hebbian learning, that is, through a modification of connection weights between two 
layers. The interference between WM representations can arise from confusion between 
items that are linked to the similar or overlapping context or by superposition when en-
coding of multiple item-position bindings within the same matrix of connection weights 
leads to reciprocal distortion of representations (Oberauer, Farrell, Jarrold, Pasiecznik, & 
Greaves, 2012). Interference can occur between relevant and irrelevant WM content. For 
instance, the irrelevant content is activated in WM when there is requirement to perform 
concurrent distracting task. Whereas time-based decay theories are equipped with atten-
tion-based rehearsal mechanism, the interference-based model is equipped with removal 
mechanism, that is, this model assumes that representations that are no longer relevant 
are removed from WM to free capacity and to avoid the possibility that they could interfere 
with the retention of relevant material (Ecker, Lewandowsky, & Oberauer, 2014; Oberau-
er & Lewandowsky, 2014, 2016; Oberauer et al., 2012). For instance, in a complex span 
task, encoding of to-be-remembered item alternates with another task such as solving an 
arithmetic equation. According to interference-based model of complex-span task, once the 
arithmetic equation is solved, the no longer relevant digit representations are removed from 
WM if there is a time gap before encoding the new to-be-remembered item (Oberauer et al., 
2012). The removal of no longer relevant content is accomplished via Hebbian antilearning, 
in which representations are unbound from their context. Taken together, interference ac-
counts propose that the main reason for forgetting is interference between WM activations 
and they assume the existence of an active removal process that can operate in accordance 
with task-instructions about the relevance of previously studied materials, and that can thus 
protect the limited capacity of WM from being loaded with no longer relevant information. 

 Outline of the thesis

Recent models of WM promote the notion that information in WM can exist in multi-
ple representational states, which can be adopted and reconfigured dynamically to adjust for 
the task demands (Cowan, 2011; Larocque et al., 2014; Oberauer, 2002; Olivers et al., 2011). 
Attention plays a primary role not only in a selection of information from the external envi-
ronment, but also in modulation of representational states of WM by selectively prioritizing 
information within WM in accordance to its relevance (Myers, Stokes, & Nobre, 2017). The 
relationship between attention and WM is not limited to the role of attention in the selection 
of information that has to be encoded or maintained in WM. In fact, recent studies provided 
abundant evidence for functional reciprocity between WM and attention and their strong 
interconnection (Awh, Vogel, & Oh, 2006; Awh & Jonides, 2001; Corbetta, Kincade, & Shul-
man, 2002; Postle, 2006). For instance, such interconnection between WM and attention is 
manifested by the effect of guidance of attention by WM content even when such guidance 
always harm performance in the task at hand (Downing, 2000; Olivers et al., 2006; Soto & 
Humphreys, 2007; van Moorselaar, Battistoni, Theeuwes, & Olivers, 2015). Although a lot 
of research has been devoted to understanding how WM and attention interact (Awh et al., 
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2006; Corbetta et al., 2002; Postle, 2006), there are still many remaining questions. This 
thesis addressed some of these questions by using memory-driven attentional capture effect 
as a tool to examine how WM fluctuates across various task conditions. 

A first question concerns the extent to which memory-driven capture requires active 
maintenance of information in WM. Previous findings suggest that memory-driven atten-
tional capture requires active, goal-driven maintenance of an item in WM (Kiyonaga & Eg-
ner, 2013; Olivers et al., 2006). In contrary, other studies found that external attention can 
be guided by recently processed items even when there is no requirement to maintain this 
item in memory (Pashler & Shiu, 1999; Soto & Humphreys, 2007). The studies documented 
in Chapter 2 and Chapter 3 provided further insights into attentional capture by recently 
processed items. Specifically, in the study reported in Chapter 2, we investigated whether the 
depth of encoding of recently processed words influences the deployment of visual attention 
towards corresponding pictures in a subsequent visual task. In the study described in Chap-
ter 3, we directly compared the capture effects elicited by residual and active maintenance 
of information in WM, and we examined how these effects are influenced by a secondary 
arithmetic task 

The study documented in Chapter 4 examined intentional forgetting of information 
held in WM. Many studies have shown that selection of representations in WM results in 
better memory for selected representations compared to when all representations have to be 
maintained in WM (Makovski et al., 2008; Nobre et al., 2007; Souza et al., 2016). This effect 
can be explained in terms of removal of the unselected representations (Kuo et al., 2012; 
Souza et al., 2014). Such active removal mechanism was proposed by interference-based 
models described in previous subsection (Oberauer & Lewandowsky, 2014, 2016; Oberauer 
et al., 2012). However previous studies on directed forgetting in WM (Williams et al., 2013; 
Williams & Woodman, 2012) did not offer a direct test of removal account as removal in 
these studies could be explained by selective remembering rather than intentional deac-
tivation of the no-longer-relevant items. To provide a more direct test of the possibility of 
intentional forgetting in WM, we investigated whether people can intentionally forget a sin-
gle object currently held in WM and we examined the time course of any such cue-induced 
forgetting by manipulating the time interval following the instruction to forget. 

The study documented in Chapter 5 tested and compared the extent to which partic-
ipants are able to select only one of two features of an object during maintenance in WM 
and in encoding information into WM during perception. Previous studies have shown that 
people are capable to selectively remember subset of items currently held in WM (Williams 
& Woodman, 2012). However, little is known about a selection of particular features of an 
object held in WM. The study documented in Chapter 5 was designed to investigate whether 
people can selectively remember an individual feature of an object held in WM and whether 
such selective remembering involves loss of irrelevant feature. To address these questions 
participants memorized colored shape which was followed by retro-cue indicating whether 
the color or the shape of the object should be remembered. To test the selection of object 
features in perception, the cue informing which feature is relevant was presented before the 
colored shape.

Lastly, Chapter 6 sums up the main findings of the current work and discusses implica-
tions of these findings for the ongoing debates in the field. 
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