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ABSTRACT 

Bottom-up influences attentionally prioritise such items over top-down recall in WM 

experiments. Perceptually similar items can facilitate their recall in terms of better 

accuracy and a faster response time than other items. Using two EEG cum behaviour 

studies, we are trying to establish that repetition can hamper processing of not-repeated 

but task-relevant item. First experiment (n = 25) uses a memory array comprising of 

repeated and not-repeated items, followed by delay-based probe matching in WM tasks 

for responding based on whether the probe is present or not. Faster response time and 

better accuracy reflects that repeated items are prioritised by default and also delay the 

processing of not-repeated items (longer response time). The event-related spectral 

perturbation plots and scalp maps show statistically significant clusters (cluster-based 

permutation statistics, p < 0.05, FDR corrected) for an increase in fronto-medial theta 

power (4–7 Hz) and also increased parietal alpha power (8–13 Hz) for while probe 

matching for Not-repeated items supports the requirement of cognitive control over WM 

items and active inhibition of task irrelevant but attentionally prioritised repeated items 

representations for not-repeated probes.  

The second experiment is a retro-cue-based WM task (n = 9) where retro-cues for set 

operations (intersections and symmetric differences) are utilised to extract out either items 

in commonality or differences out of two encoded sets comprising of both common items 

(repeated between two sets) and distinct items which are not repeated, to study WM 

maintenance for cue-based sets and also responding for cue-relevant and cue-irrelevant 

probes in Yes or No fashion. Faster response time and better accuracy for commonality-

relevant probe over probes for items in differences motivates for studying alpha, theta and 

beta frequency band domain for differential cue-based WM maintenance and recall. 
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Chapter 1 

Introduction 

In the complex landscape of human cognition, the simpler sensory systems communicate 

with higher abstract processing systems to bring out complex behavior required for 

problem solving and decision making. Task switching is yet important phenomenon which 

requires shifting attention from one task to another flexibly. Goal based prioritization 

adaptively helps allocation of attention flexibly in between two items and hence, it can 

smoothly swift attention in top-down manner. However, there are stimuli which has 

priority of its own which can interfere with goal-based prioritization. At the core of this 

cognitive interplay lies the phenomenon of attentional prioritization – the cognitive 

mechanism by which early processing mechanisms which assigns a priority score which 

enhances task performance for that prioritized location. Higher the priority score, higher 

will be the attentional priority. This "score" is referred to as "activation" in (Wolfe, 1994) 

Guided Search, "priority" in (Zelinsky, 2008)Target Acquisition Model, and saliency in 

(Itti & Koch, 2001) saliency model. However, it might provide reluctance to allocation of 

attention to the top-down goal and hampers switching of priority in visual working 

memory states (Ng et al., 2021) .  The adaptive flexibility of VWM can easily be disrupted 

by such bottom – up stimuli abruptly as these simpler features are in many cases very 

important and have higher attentional priority that can hamper priority switching in visual 

working memory. 

The seamless orchestration of attentional prioritization and priority switching is essential 

for tasks demanding the dynamic reorganization of mental resources e.g., allocation of 

attention. The cognitive demands of an air traffic controller managing multiple aircraft, a 

surgeon adapting to unexpected changes during a procedure, or a student navigating a 

complex learning environment. Even distinguishing between two images or scenes with 
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salient commonality or a toddler’s task to find differences between look-alike scenes. All 

these scenarios underscore the significance of cognitive flexibility – the capacity to 

promptly shift focus and adapt to changing demands.  

This study sets out to discover the neural and behavioral underpinnings of how, despite its 

adaptive nature, attentional prioritization may impede the process of priority switching 

within working memory states. This interaction will also be reflected on neural changes 

in the brain exercising the cognitive control and allocation of attention. The study of 

flexible nature of working memory hampered by interference will help unravel the 

intricacies of cognitive control and its limitations. 

1.1 Visual Attention 

Visual attention refers to the cognitive process by which the human brain selectively 

focuses on specific visual stimuli while filtering out irrelevant or less salient information 

in the surrounding environment. It allows us to efficiently allocate our limited cognitive 

resources to the visual elements that are most relevant to our current goals or tasks., 

helping us make sense of complex visual inputs. Visual attention involves both the 

selection of information and the allocation of cognitive allocation of resource to specific 

information as object or part of object.  

Out of the two comparable model for allocation of attention, the zoom lens model of 

attention (Eriksen & St. James, 1986; Eriksen & Yeh, 1985) describes attention flexible 

mechanism that can adjust the focus of processing to different levels of detail and 

complexity within a scene as it can be zoomed in to focus on fine-grained details or 

zoomed out to encompass a broader view according to interest, task demands, or other 

factors. It is able to be constricted into a highly focused beam (subtending as little as a 

fraction of degree of visual angle) or dilated to even distribution over the entire visual 
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field. Because of limited processing capacities, however, there is a trade-off between size 

adjustment and detail: An increase in the area attended results in a decrease in the 

resolution of detail about stimuli within that area.  

Whereas, the spotlight model of attention (Eriksen & Hoffman, 1972) (Figure 1.1) likens 

attention to a spotlight on a stage and emphasizes the idea that attention is a finite resource 

that must be directed to fixed size for the focal attention zone to process information 

effectively. Attention operates as a limited and selective beam that illuminates a specific 

area of input, while other areas remain relatively less illuminated - suggesting as a neural 

correlate an enhanced response of a sensory cell and an increased synchrony in the activity 

of cell populations when spatial attention overlaps a neuron’s receptive field.  

 

Figure 1.1 Spotlight model of visual attention. 

The attentional spotlight and visual sensitivity are highest centrally and horizontally. The 

spotlight is highest sensitivity in the centre usually the fovea on retinal centre, the blurry 

part of spot is the fringe and it collides with peripheral decrease of perceptual sensitivity 

when attention remains on the retinal centre(Eriksen & Hoffman, 1972). 

As discussed, visual attention can only be focussed to some part of scene while 

defocussing it from other parts of scene as it is biased due to saliency of certain features 

over others. This makes it difficult to allocate attention to what was attended but lower in 
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priority score. The two types of attention i.e., top-down attention and bottom up attention 

acts up in different manner as will be discussed. 

1.1.1 Top-down attention 

Also known as endogenous attention, is a cognitive process in which individuals can 

intentionally shift their attention attention based on internal goals, expectations, or 

cognitive strategies. It involves the conscious allocation of attention to specific stimuli or 

regions of interest in accordance with cognitive demands. In top-down attention, higher-

level cognitive processes guide the focus of attention, shaping perception and processing 

according to cognitive goals.  

Top-down attention can be sustained over time, allowing individuals to maintain focus on 

specific information for extended periods and also be flexibly allocation from one 

information to another. Thereby, enables selective processing of relevant stimuli while 

ignoring irrelevant ones(Theeuwes & Failing, 2020). 

Top-down attention is associated with specific neural mechanisms involving higher-level 

brain regions and executive Control Network  regions particularly the dorsolateral 

prefrontal cortex (DLPFC) in top-down attention and control required to maintain 

cognitive goals, working memory, and cognitive control processes and Anterior cingulate 

cortex (ACC) which monitors the allocation of attention by detecting conflicts between 

cognitive goals and sensory inputs as per the task demands while intraparietal sulcus IPS 

directs attention to specific locations or features based on cognitive goals. 

Alpha power decreases in the brain region that is actively processing attended information 

which is known as "alpha desynchronization." This suppression of alpha activity in the 

visual cortex, allowing for increased neural excitability and better processing of the 
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attended stimuli. Also, Alpha power increase can be inferred as comparatively poor 

processing of stimuli.  

Endogenous attention involves the parietal cortex, and studies have shown lateralization 

of alpha power in the parietal regions. An increase in alpha power over one hemisphere 

(typically contralateral to the attended side) and a decrease over the other hemisphere 

(ipsilateral to the attended side) are observed when attention is focused on one side of 

space. 

1.1.2 Bottom-up attention 

Also known as exogenous attention, is a cognitive process in which attention is 

involuntarily captured by salient or unexpected stimuli in the environment which is 

triggered by the inherent properties of the stimuli. In bottom-up attention, the properties 

of the stimuli like orientation, magnitude, size, hue (redness) themselves guide the focus 

of attention. It is quick and detect sudden changes in the environment which can interrupt 

ongoing top-down cognitive processes. 

Bottom-up attention is associated with specific neural mechanisms that involve both early 

sensory processing and higher-level brain regions. In lower organisms like amphibians 

and reptiles, superior colliculus in the midbrain, is involved in rapidly detecting and 

orienting to salient stimuli which initial filters for potential threats or important events in 

the environment, similarly pulvinar nucleus of the thalamus relays saliency-related signals 

to the visual cortex. These subcortical areas along with primary visual cortex generates a 

saliency map and enhanced neural responses in the visual cortex to stimuli that capture 

attention in bottom-up fashion. The temporoparietal junction (TPJ) helps in reorienting 

attention to unexpected task relevant but yet unattended stimuli.  
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1.1.2.1 Saliency in Visual attention 

A computational model (Itti & Koch, 2001) also called as “Saliency Map model” aims to 

explain how our visual attention system selects and prioritizes specific areas of a scene for 

further processing, which is based on the idea that certain features of a visual stimulus are 

more likely to capture our attention than others. The model attempts to simulate bottom-

up processes of visual attention, focusing on how low-level visual features contribute to 

the guidance of attention. However, it doesn't explicitly consider top-down influences or 

cognitive factors. Key Concepts of the Itti-Koch Model (Figure 1.2) are: 

1. Feature Integration: The model suggests that the visual system processes various 

low-level features, such as color, intensity, orientation, and motion, in parallel and 

independently. 

2. Saliency Map:  Based on their low-level features model generates a “saliency 

map" which represents the saliency of different locations in a visual scene. 

Saliency is a measure of how likely a particular location is to capture our attention.  

3. Feature Maps: The model generates feature maps for each low-level feature 

(color, intensity, orientation, motion) by applying filters to the input image. These 

feature maps represent the presence and strength of each feature at different 

locations. 

4. Normalization and Combination: A single saliency map is created using 

normalization and linear combination which combines the different feature maps 

highlighting multiple salient features. 

5. Center-Surround Mechanism:  In order to identify areas with high contrast or 

uniqueness relative to their surroundings the model incorporates a center-surround 

mechanism, where features in the center of a receptive field are compared to the 

surrounding region. 
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6. Winner-Take-All Competition: It emphasizes the most salient locations while 

suppressing less salient areas leading to the identification of regions that are likely 

to attract attention. 

 

Figure 1.2 Flow diagram of a typical model for the control of bottom-up attention. 

 This diagram is based on (Itti & Koch, 2001) hypothesis that a centralized two-

dimensional saliency map can provide an efficient control strategy for the deployment of 

attention on the basis of bottom-up cues. The input image is decomposed through several 

pre-attentive feature detection mechanisms (sensitive to colour, intensity and so on), 

which operate in parallel over the entire visual scene. Neurons in the feature maps then 

encode for spatial contrast in each of those feature channels. In addition, neurons in each 

feature map spatially compete for salience, through long-range connections that extend 

far beyond the spatial range of the classical receptive field of each neuron (here shown for 

one channel; the others are similar). After competition, the feature maps are combined into 

a unique saliency map, which topographically encodes for saliency irrespective of the 

feature channel in which stimuli appeared salient. The saliency map is sequentially 

scanned by attention through the interplay between a winner-take-all network (which 

detects the point of highest saliency at any given time) and inhibition of return (which 

suppresses the last attended location from the saliency map, so that attention can focus 

onto the next most salient location). Top-down attentional bias and training can modulate 

most stages of this bottom-up model (red shading and arrows). 
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1.2 Neural correlates of attention 

1.2.1 Dorsal Attention Network (DAN): 

The "where" pathway, is primarily involved in spatial attention, voluntary allocation of 

attention to specific locations or features, and the coordination of eye movements. It 

directs attention to objects based on their spatial location and assists in shifting attention 

between different regions. Higher DAN activity is seen in the feature-based suppression 

of task-irrelevant information specifically when a target was co-presented with a high 

versus low priority distracter. Furthermore, higher DAN activity was observed when 

selectively attending one (target + high/low priority distracter) versus simultaneously 

attending two (target + target) stream(s) of digits suggesting role in feature-based 

suppression (Lanssens et al., 2020). Superior parietal lobule (SPL) is crucial for tasks that 

require shifting the focus of attention, like reading or searching for an object. It is involved 

in maintaining spatial information in working memory. It aids in remembering the 

locations of objects or events while the frontal eye fields (FEF) plans and executes eye 

movements to coordinate the movement of our eyes and align with the location of the 

attended stimuli. 

Within the intraparietal sulcus. a critical component of the brain's attentional network is 

found lateral intraparietal cortex (LIP) which enhances allocation of  visual attention by 

enhancing the processing of visual information in the attended spatial location by 

facilitating voluntary shift and modulating the activity of neurons related to the new 

location. It integrates sensory and motor movement by coordinating saccadic eye 

movements with the location of the attended stimuli, contributing to the control of eye 

movements during visual exploration. LIP neurons are often activated both before and 

during saccades, indicating its role in preparing and guiding these movements. LIP is also 

involved in working memory processes and cognitive control. It helps maintain spatial 
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information temporarily in working memory, which is important for tasks that involve 

keeping track of multiple locations or objects. Its functions are tightly integrated with 

other brain regions within the attentional network, such as the frontal eye fields and 

superior colliculus, ensuring effective processing of visual information. The right 

temporo-parietal junction (rTPJ) and the ventral frontal cortex are part of a ventral 

attention network which is involved in the detection of behaviourally relevant sensory 

events (Corbetta & Shulman, 2002) (Figure 1.3). Suppressed or attenuated activity in this 

region is thought to occur in response to top-down signals during goal-directed behaviour 

in order to prevent reorienting of attention to task-irrelevant stimuli which would interfere 

with task performance. 

  

Figure 1.3 Schematic illustration of the components of the dorsal (blue) and ventral 

(orange) attention system in the human brain.  

The dorsal attentional network (DAN) and the ventral attention network (VAN). DAN 

(yellow/orange): FEF, frontal eye fields; IPS, inferior parietal sulcus; SPL, superior 

parietal lobe. VAN (blue): IFG, inferior frontal gyrus; IPL, inferior parietal lobe (posterior 

aspect); MFG, middle frontal gyrus; TPJ, temporo-parietal junction; STG, superior 

temporal gyrus. (Corbetta & Shulman, 2002) 
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1.2.2 Ventral Attention Network (VAN): 

The "what" pathway detects salient or behaviourally relevant stimuli and reorienting 

attention to unexpected events. It plays a role in recognizing stimuli that require immediate 

attention, even if they are not the primary focus of the task. The temporoparietal junction 

(TPJ) and the ventral frontal cortex are key regions within the ventral attention network. 

Temporoparietal Junction (TPJ) detects unexpected, salient stimuli which are potentially 

behaviourally relevant. TPJ is involved in integrating information from different sensory 

modalities allowing for a coherent representation of our surroundings and respond 

appropriately to relevant stimuli. While, the Anterior Insula (Ventro-frontal cortex) in 

collaboration with the TPJ, helps detect and integrate information about the salience of 

stimuli. It switches attention between different stimuli and disengages attention from one 

stimulus and direct it toward another(Vossel et al., 2014).  

Top- down attention and bottom-up attention interacts with each other to generate priority 

maps. Eyes generates feature maps which contributes to visual cortex. Visual cortices 

combine feature to make bottom -up saliency maps. It also sends signals to parietal cortex 

and pre-frontal cortex for them to generate a top-down based priority map. These maps 

lead to producing required action towards prioritized information. The top-down and 

bottom-up maps may support or contradict each other and hence the role of other higher 

regions to bring cognitive control are required but also, role of LIP and FEF is important 

to shift and allocate attention (See Figure 1.4) by (Katsuki & Constantinidis, 2014). 
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Figure 1.4 Diagram illustrating the top-down and bottom-up attentional processes.  

The outer flow diagram exemplifies the conceptual steps involved in representing bottom-

up saliency and integrating it with top-down influences to create a priority map. The 

cortical pathways involved in paying attention to images as depicted in a diagram within 

the brain. The bottom-up signal processing, top-down signal processing, and eye 

movement-related signal processing are each denoted by a blue, red, and green arrow, 

respectively. Adopted from (Katsuki & Constantinidis, 2014).  
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1.3 Visual Working memory 

1.3.1 Introduction  

Working memory is limited capacity cognitive system that allows us to temporarily hold 

and manipulate information in our mind for the purpose of completing tasks and making 

decisions. Working memory acts as a mental workspace where we actively process and 

manipulate information from sensory input and long-term memory. It plays a 

fundamental role in various cognitive processes, including problem-solving, reasoning, 

comprehension, decision-making, and learning. 

1.3.2 Stages of working memory 

Working memory consists of several interacting components (Baddeley, 2000; Repovš & 

Baddeley, 2006). See refer to Figure 1. 5 for the initial three component model whereas 

Figure 1.6 for neural correlates for different components for the multicomponent model 

of working memory :- 

1. Central Executive Component is the control centre of working memory which 

directs attention, coordinating the flow of information, and managing cognitive 

resources. In a top-down fashion, it allocates the attention and strategies to be used. 

2. Phonological Loop consists of two subcomponents based on auditory and 

articulatory systems i.e., the phonological store (which temporarily holds auditory 

information) and the articulatory rehearsal process (which maintains information 

through subvocalization, like silently repeating words). 

3. Visuospatial Sketchpad mentally manipulate objects, remember visual scenes, and 

navigate environments in our mind acting as a mental work for sustained visual 

attention. 
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4. Episodic Buffer is a temporary storage area that integrates information from 

different sources, including the phonological loop, visuospatial sketchpad, and 

long-term memory. It provides a broader context for understanding and 

manipulating  

 

Figure 1.5 The initial three-component model of working memory  

Adopted from (Repovš & Baddeley, 2006). The three-component model assumes an 

attentional controller, the central executive, aided by two subsidiary systems, the 

phonological loop, capable of holding speech-based information, and the visuospatial 

sketchpad, which performs a similar function for visual information. The two subsidiary 

systems themselves form active stores that are capable of combining information from 

sensory input, and from the central executive. Hence a memory trace in the phonological 

store might stem either from a direct auditory input, or from the subvocal articulation of a 

visually presented item such as a letter. 
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Figure 1.6 A simplified depiction (adapted from the multicomponent working 

memory model 

by Baddeley, 2010) as implicated in the brain, in which the central executive assumes the 

role to exert control and oversee the manipulation of incoming information for intended 

execution. (Chai et al., 2018). 

1.3.3 Visual Working memory 

Visual working memory enables the temporary storage and manipulation of visual 

information to hold visual images, objects, and brief spatial manipulation allowing us to 

mentally manipulate and process visual information to accomplish tasks. Visual working 

memory is essential for tasks such as remembering faces, navigating environments, 

solving visual puzzles, and understanding visual scenes. Visual working memory has a 

limited capacity, typically ranging from 3 to 4 items and varies in capacity depending on 

factors such as the complexity of the stimuli and individual differences.  
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It serves many functions like in visual imagery to hold and manipulate images especially 

in mentally rotation an object or imagining a location and helps us in spatial reasoning and 

to remember and explore layout of the room by navigating in mental imagery for the space 

in my mind. Hence, it helps in problem solving and also in mental arithmetic and 

mathematics, as all of it is made possible by attentional control and holding on to some 

information and manipulating others. 

1.3.3.1 Neural correlates of Visual Working memory  

fMRI correlates of visual working memory 

Neural correlates are differentially attributed to different stages of visual working memory 

namely encoding, delay and testing where visual cortex encodes the visual information in 

dorsal occipital cortex and inferior temporal extra striate cortex, while during delay period 

FEF and right IPS plays role in maintenance and sustaining attention. During testing the 

right anterior insula and the presupplementary motor area (pre-SMA) plays role (Figure 

1.7) (Pessoa et al., 2002). Prefrontal cortex along with parietal cortices are also 

significantly engaged in maintenance and having active control over representations. 
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Figure 1.7 Performance-Related Activity during the Three Phases of the Working 

Memory Task: Encoding, Delay, and Test. 

 Performance-related activity was obtained by comparing activity for correct and incorrect 

trials at each task phase. Functional group maps are shown overlaid onto structural scans 

from a representative individual. Arrows indicate the region from which the fitted 

hemodynamic responses were obtained, which were estimated by comparing the 

responses to correct (red) and incorrect (blue) trials with multiple regression. The color 

bar indicates p values (uncorrected). The level of the axial and coronal sections is indicated 

on the small whole-brain insets. The bar below each x axis codes the periods when the 

sample stimulus (light gray), the delay (intermediate gray), and the test stimulus (dark 

gray) occurred during the task. The vertical gray bars for encoding and test are centered 5 

s after the stimulus presentation; the gray bar for delay was centered between the latter 

two bars. (A) Performance-related activity at encoding included dorsal occipital cortex 

and inferior temporal extrastriate cortex, visual areas sensitive to the sample stimulus. (B) 

Performance-related activity during the delay included the right IPS in anterior parietal 

cortex and the right FEF. (C) Performance-related activity at test occurred in a wide 

network of regions, including the right anterior insula and the presupplementary motor 

area (pre-SMA). Adopted from(Pessoa et al., 2002). 
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EEG correlates of Visual working memory  

EEG oscillations are rhythmic patterns of brain activity that reflect underlying neural 

processes. Several frequency bands are of interest in visual working memory research: 

 Theta (4-7 Hz): Theta oscillations are associated with memory encoding and 

retrieval. Increased theta power is observed during the encoding phase of visual 

working memory tasks which increase with increasing working memory load 

during maintenance phase.  

 Alpha (8-12 Hz): Alpha oscillations play a role in the inhibition of irrelevant 

information and the active maintenance of relevant information in working 

memory. During attention, alpha power decreases in visual regions, facilitating the 

processing of attended stimuli. In working memory, alpha power increases over 

relevant brain regions, reflecting the active maintenance of information. 

 Beta (13-30 Hz): Beta oscillations are linked to active maintenance and 

manipulation of information in working memory. Enhanced beta synchronization 

is often observed during the retention and manipulation of items. 

 Gamma (30-100 Hz): Gamma oscillations are associated with the binding of 

different features of an object in working memory. Increased gamma power might 

reflect the integration of different visual attributes. 

1.4 Limitations and importance of   Visual Working memory 

VWM has many limitations in terms of its capacity, accuracy, and efficiency in storing 

and manipulating visual information. As visual working memory span allow to hold only 

a certain number of visual items or features in their visual working memory at a time 

which can affect remembering the arrangement of objects, comparing visual stimuli, or 
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recalling detailed visual information. VWM representations are prone to decay over time 

if not actively maintained and new information can interfere with the retention and recall 

of previously stored visual information which can lead to errors and forgetting, especially 

when performing tasks that involve the rapid presentation of visual stimuli. Hence, all the 

representations are not stores with equal strength and precision in recall. 

Which leads to many strategies to shield the representations like chunking which involves 

grouping of items into meaningful units or subsets. Visual saliency also captures attention 

and creates a bias towards salient information impacting accuracy of VWM 

representations. These different representations interfere with each other. Such intrusions 

or distractions during the encoding or maintenance of visual information can disrupt 

working memory processes and lead to errors in recall. 

1.5 Interaction between visual attention and visual working memory  

Both attention and working memory are critical cognitive functions that are closely 

intertwined (See Figure 1.8), influencing each other in how we perceive, process, and 

manipulate visual information.  The interaction between visual attention and visual 

working memory is a reciprocal relationship that involves attentional processes guiding 

the selection, encoding, maintenance, manipulation, and retrieval of visual information to 

ensure efficient allocation of cognitive resources to relevant visual stimuli, enabling us to 

engage with the visual world, solve problems, and perform various cognitive tasks 

effectively. Here's an explanation of their interaction: 

1. Attentional Selection for Encoding: Selective attention helps prioritize relevant details 

for temporary storage and manipulation to enhance the processing and encoding of that 

information into working memory.  
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2. Focused Maintenance: Attentional resources are allocated to the stored representations, 

ensuring their retention and preventing decay. This maintenance is load-sensitive in nature 

and only certain number of items can be actively maintained especially in the present of 

more saliency stimuli which can interfere with representation of other less salient thought 

relevant items. Visual attention enhances the quality and clarity of the information held in 

VWM. More vivid and detailed representation of items within working memory facilitates 

subsequent recall and manipulation. 

4. Updating and Manipulation: Visual attention updates representation which are  actively 

maintained by allocating attentional resources and manipulates them as per the goal. 

Visuo-spatial sketch pad acts as a mental workspace which actively transforms as per the 

instructions or demands. 
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Figure 1.8 Attention orientation during working memory (WM). 

The lower plane is the feature-based attention space. Round patches with different colors 

indicate features represented in WM (red, visual; blue, auditory; yellow, tactile). The cued 

features are in dark color and the un-cued features are in light color. The middle plane is 

the object-based attention space. Grey round patches depict objects maintained in WM. 

Orienting attention to a cued object (darker grey) strengthen the representation of this 

object compared with other un-cued objects (lighter grey) in WM. It may strengthen some 

features connected to this object (thicker dashed lines), while other features remain 

(thinner dashed lines). The connection can be bi-directional, i.e. when attention is oriented 

to one feature; the object representation connected to this feature will be strengthened, but 

may not affect other feature representations from the same object. The upper plane is the 

spatial attention space. Dashed circles indicate attention allocation in the spatial map. The 

thicker circle indicates the prioritized focus of attention. The thinner circle indicates the 

divided focus of attention (Ku, 2018). 
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5. Retrieval and Recall: Attentional mechanisms facilitate the accurate retrieval of 

information by guiding the focus to the relevant aspects of the memory trace which 

requires top-down attention facilitates by the cue or relevant probe directing towards 

appropriate location, feature or some rules. 

6. Binding and Integration: Visual working memory often involves the binding of different 

features of an object, such as colour, shape, and location and attention integrates these 

features into a coherent representation within working memory.  

7. Interference and Filtering: Visual attention filters out irrelevant or distracting 

information and help prevent interference from external stimuli, ensuring that the stored 

information to be accurate. 

1.5.1 Neural correlates of interaction between attention and Working memory 

Here's a detailed explanation of the neural correlates: 

1. Visual Cortex: The primary visual cortex (V1) and higher-level visual areas (V2, 

V4, etc.) are involved in the initial processing of visual stimuli and their selection 

based on attentional cues. These areas receive feedback signals from attention-

related brain regions, enhancing the representation of attended stimuli in working 

memory. 

2. DLPFC is involved in the top-down control of attention, directing attention to 

relevant stimuli and enhancing the encoding of information into working memory 

while, VLPFC helps maintaining and manipulating information in working 

memory, guiding cognitive processes such as updating and switching attention 

between items. 
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3.  Parietal Cortex: The superior parietal lobule (SPL) is involved in spatial attention, 

guiding the allocation of attention to specific locations or objects. The intraparietal 

sulcus (IPS) is critical for coordinating attention and working memory, particularly 

in tasks that involve the selection and manipulation of visual information. 

4. Frontoparietal Network: The interaction between attention and working memory 

is facilitated by a frontoparietal network. This network includes the prefrontal and 

parietal cortices, which work together to allocate attention, enhance encoding, and 

maintain information in working memory. The frontoparietal network ensures the 

seamless flow of information between attentional control and working memory 

processes. 

1.6 Model of visual attention and visual working memory 

Several models propose an explanation to the intricate relationship between visual 

attention and visual working memory, shedding light on how attention influences the 

selection, maintenance, manipulation, and recall of visual information. Here are some 

prominent models that elaborate on the role of visual attention in visual working memory: 

1. Multiple Object Tracking  Model: The Multiple Object Tracking Model (Pylyshyn, 

2006; Pylyshyn & Annan, 2006) addresses the tracking of objects across time and space. 

It explains how attention plays a role in maintaining and updating visual information in 

working memory tasks involving multiple objects to select and track multiple objects in 

dynamic scenes.  

2. Load Theory of Attention and Cognitive Control: (Lavie et al., 2004) suggests that 

tasks with higher cognitive load require more focused and selective attention to maintain 

and manipulate information effectively. When the cognitive load is high, attention is 
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directed toward task-relevant information, reducing the processing of irrelevant stimuli 

and optimizing working memory performance. 

3. Attenuation Model of Selective Attention proposed by (Treisman, 1964), highlights 

how attentional resources are allocated based on the significance of stimuli as attended 

information receives reduced processing of irrelevant details, improving the efficiency of 

working memory operations. Thereby attention attenuate the processing of distracting 

features ensuring maintenance and manipulation of relevant information effectively. 

1.7 Prioritization and Priority Switching 

1.7.1 Attentional Prioritization 

Attentional prioritization is a fundamental mechanism that allocates attention to certain 

stimuli, objects, or information over others based on their relevance, significance, or task 

demands by enhancing the processing of relevant information. Attentional prioritization 

is influenced by the salience of stimuli, as our attention is naturally drawn to objects that 

are visually or perceptually distinct. It is based on the idea that early visual processing 

produces an ordered list of locations in the visual scene for attention to examine and create 

priority score. Attention is thought to inspect down a priority list (Figure 1.9) from highest 

activation to lowest where already visited locations are “scratched off” via inhibition of 

return mechanism with varying degrees of memory for inspected locations  (Itti & Koch, 

2001). 
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Figure 1.9 A model of the computation of attentional priority.  

Early sensory cortex (here, the visual cortex) decomposes the input stimulus into several 

independent maps representing distinct sensory features (e.g., spatial frequency, intensity, 

color, and so on). Feature maps are computed automatically and pre-attentively, that is, 

prior to the selection of a specific stimulus for conscious processing. The priority map 

integrates the converging inputs from multiple feature maps and combines them with top-

down signals reflecting behavioural goals and expectations. Thus, the priority of a specific 

location in space reflects the sum of feature inputs and task-related signal converging at 

this location (Ptak, 2012). 
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1.7.1.1 Saliency 

Saliency refers to the degree of distinctiveness of a stimulus compared to its surroundings. 

Stimuli with high saliency are processed in parallel and receive preferential processing in 

visual areas, such as the primary visual cortex (V1) and higher-level visual areas. As they 

stand out from their surroundings and captures our attention to prominent difference and 

attentional enhancement allowing quick detection in features like brightness, color, 

motion, or size which is critical for survival, as it ensures that we notice potentially 

relevant or threatening stimuli in pop-out manner. Studies shows massive effect of 

saliency on working memory paradigm with more salient items are remembered precisely 

and with more precise location (Constant, M., & Liesefeld, H. R., 2021). 

1.7.1.2 Relational account of working memory 

This theoretical perspective emphasizes the role of relationships or connections between 

different elements in working memory tasks. VWM is not solely about the storage of 

individual items, but rather about maintaining and manipulating the relationships between 

these items.  Relational account of working memory represents and processes information 

in terms of associations, links, or connections between elements involving various 

attributes, such as spatial location, temporal order, semantic meaning etc. resulting in 

binding of different features or attributes of an item into a coherent representation. For 

example, when remembering a face, you not only store the visual features of the face but 

also the relationships between these features that make up the whole face. These 

relationships provide context and meaning to individual items. (Hamblin-Frohman et al., 

2023) 

Relational grouping refers to grouping individual elements based on their relationships or 

common attributes is closely related to the concepts of chunking which facilitates 
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attentional prioritization while chunking is a strategy that leverages the limited capacity 

of working memory by grouping related information together. For example, instead of 

remembering a sequence of individual letters, you might chunk them into meaningful 

words or phrases. When stimuli are grouped based on shared relationships or attributes, 

they become more salient and easier to process which can be seen in various visual scenes, 

where attention is often directed to objects that form coherent groups or patterns. 

Relational grouping enhances cognitive efficiency by reducing the cognitive load 

associated with processing individual elements separately. Hence, both chunking and 

grouping allows for  the brain to process and remember larger amounts of information 

using fewer cognitive resources as they provide contextual information and aids in 

attentional prioritization by guiding attention to the relevant aspects of the group or chunk.  

Grouping information bypasses capacity limits, but changes that maintain the relational 

structure of the display undergoes undetected. Maintenance of the  information in WM is 

dependent on the relations that connect that information (Bateman et al., 2018). 

Features are encoded and stored in relation to surrounding colours and not completely 

separately. According to the Relational Account, relative features can be represented by 

vectors in a feature space (e.g., colour space) whose two end points of each vector in 

feature space indicates the specific feature values of the items (e.g., red, orange) and  how 

an item differs from the other items (e.g., redder vs yellower) is specified by the direction, 

and the length of the vector would specify how much the items differ from each other 

(feature contrast or similarity measure (Becker, 2010). Relational detection advantage was 

observed in enhanced detection sensitivity for relative features. Also, VSTM load, as 

indexed by the CDA, was reduced when the items were presented in an ordered fashion 

that reduced the number of different relationships between the items suggesting that 
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relative colours add to the VSTM load, which is reduced for ordered stimuli (Martin & 

Becker, 2021). 

1.7.1.3 Perceptual similarity 

Perceptual similarity refers to the extent to which two or more stimuli share similar 

sensory features or attributes, such as shape, colour, or orientation.   

Interestingly, when these items are similar to each other in a feature domain, memory 

recall performance is elevated compared to when they are dissimilar. This similarity 

benefit may arise from selective attentional prioritisation in the maintenance phase. 

However, the similarity effect has not been contrasted under circumstances where 

dissimilar item types can adequately compete for memory resources. 

The similarity effect may be due to beneficial processes for similar items in the memory 

maintenance phase. The advantage for similar items can also be initiated pre-attentively, 

as participants seem to have a top-down bias to preferentially select and encode similar 

items (even with the first eye movement). This attentional bias towards similar items 

overpowered the bottom-up tendency to preferentially select the most salient item in the 

display and led to prioritised encoding of similar items in VWM.  

Conversely, this early attentional benefit in the encoding displays may have been 

influenced by a stimulus-driven mechanism that overruled salience, perceptual grouping. 

Similar stimuli can be automatically grouped and encoded, even contradicting top-down 

goals. Potentially the similar items used were grouped and prioritised and then emitted a 

higher priority signal than the salient dissimilar item. 

Similarity benefits were seen for all-similar over all-dissimilar displays (Figure 1.10). This 

was also seen in mixed displays, change detection performance was higher when one of 
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the two similar items changed(Hamblin-Frohman et al., 2023), compared to when the 

dissimilar item changed. Surprisingly, the similarity effect was stronger in these mixed 

displays then when comparing the all-similar and all-dissimilar.  

Also, on examining how attention was allocated in the memory encoding phase via eye 

movements (Figure 1.11). Similar items were more likely to receive the first fixation and 

were fixated more often than dissimilar items. Furthermore, dwell times were elongated 

for dissimilar items, suggesting that encoding was less efficient. These results suggest that 

there is an attentional strategy towards prioritising similar items over dissimilar items, and 

that this strategy’s influence can be observed in the memory encoding phase. 

 

Figure 1.10 Change detection sensitivity  

Participants were more likely to detect change for similar items over dissimilar, and this 

effect was more pronounced in the mixed displays than the separate ones (Hamblin-

Frohman et al., 2023). 
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Figure 1.11 A Eye tracking results for change detection results  

A Participants were more likely to detect changes in similar items than dissimilar items, 

both in separate and mixed display conditions. B In the encoding phase, the first fixation 

of the trial was more likely to be directed towards either of the similar items than the 

dissimilar item. C The number of fixations during the entire encoding phase showed more 

overall fixations on similar than dissimilar items. D The dwell time results, however, 

showed that dissimilar items were fixated for a longer duration than similar items 

(Hamblin-Frohman et al., 2023).  
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1.8 Top-down prioritization in working memory 

1.8.1 Cue based prioritization 

It is a cognitive process that involves using specific cues or signals to direct attention and 

cognitive resources toward relevant information while filtering out irrelevant information. 

Cue based prioritization begins with perceiving cues from the environment or internal 

thoughts that signal the relevance of specific information which can be visual, auditory, 

or even cognitive in nature. The cue is then evaluated in relation to the current goals and 

tasks which are associated with relevant information are given priority for attention. Then 

brain allocates attention and cognitive resources to the stimuli or information indicated by 

the cue and enhances processing of relevant information while reducing the processing of 

irrelevant information and are more likely to be maintained in working memory and 

integrated into ongoing cognitive processes. This cue-based prioritization is flexible and 

new cues become relevant or when goals shift, the brain adjusts attention allocation 

accordingly. 

Neural correlates of cue-based prioritization 

During encoding, visual cortex are recruited and modified to reflect the relevant features 

of a WM array Figure 1.12 (Myers, N. E. et al., 2017). Sensory brain areas are the most 

likely substrate of memory maintenance because the latter requires memory for fine 

sensory details. However, the same mechanism could act on other brain areas if WM 

contents are stored elsewhere.  A cue indicating that one WM item is of particular 

relevance leads to orientation toward, and selection of, the relevant representation. This 

operation recruits the top-down attention network that is also involved in external attention 

shifts.  After that the identified information is prioritized. This step recruits a prefrontal 

network comprising the anterior insula or ventrolateral prefrontal cortex and frontal 

operculum (vlPFC/fO), and possibly presupplementary motor area or anterior cingulate 

cortex (pre-SMA/ACC) leading to the selected representation is now reformatted to bring 

the network into an optimal state to respond to the recall demands of the probe stimulus. 
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Figure 1.12 Proposed Sequence of Prioritization in Working Memory (WM)  

as adopted from (Myers, N. E. et al., 2017). (A) During encoding, sensory brain areas (in 

yellow) are recruited and modified to reflect the relevant features of a WM array. In the 

task illustrated here, sensory brain areas are the most likely substrate of memory 

maintenance because the latter requires memory for fine sensory details. However, the 

same mechanism could act on other brain areas if WM contents are stored elsewhere. (B) 

A cue indicating that one WM item is of particular relevance (the green oriented bar, in 

this case) leads to orientation toward, and selection of, the relevant representation. This 

operation recruits the top-down attention network that is also involved in external attention 

shifts (red circles). (C) In a second step, the identified information is prioritized. This step 

recruits a prefrontal network (in blue) comprising the anterior insula or ventrolateral 

prefrontal cortex and frontal operculum (vlPFC/fO), and possibly presupplementary motor 

area or anterior cingulate cortex (pre-SMA/ACC). (D) Finally, the selected representation 

is now reformatted to bring the network into an optimal state to respond to the recall 

demands of the probe stimulus. 
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1.9 Priority switching and interference  

 Priority switching in visual working memory refers to the cognitive process by which the 

focus of attention shifts from one item or representation to another within the contents of 

working memory. This switching process is essential when you need to update or 

manipulate information in working memory, particularly in tasks that involve multiple 

items or changing cognitive demands.  

 When sequentially prioritizing visual working memory representations that serve 

consecutive tasks. Participants has to remember two targets for a sequence of two visual 

search tasks, where one target currently relevant, and the other prospectively relevant. 

During the retention interval prior to the first search, lateralized parieto-occipital EEG 

alpha (8–14 Hz) suppression is stronger for current compared with prospective search 

targets. Crucially, between the first and second search task, this difference in posterior 

alpha lateralization reverses, reflecting the change in priority states of the two target 

representations (Figure1.13). Connectivity analyses indicate that this switch in posterior 

alpha lateralization is driven by frontal delta/low-theta (2–6 Hz) activity (de Vries et al., 

2018). Moreover, this frontal low-frequency signal also predicts task performance after 

the switch (Figure 1.4).   
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Figure 1.13 Neural signature of priority switches between VWM representations  

Adopted from (de Vries et al., 2018). (A) Time–frequency plot of lateralized (contralateral 

minus ipsilateral) power at the average of O1/2, PO3/4 and PO7/8 during the second delay 

period (time-locked to the auditory switch cue), for the First Template Lateralized versus 

Second Template Lateralized condition-contrast. Black outline indicates a significant 

difference in lateralized power between First Template Lateralized and Second Template 

Lateralized at P < 0.05, cluster corrected. (B) Time series of lateralized alpha (8–14 Hz) 

power at the above-mentioned electrodes for First Template (green), Second Template 

(orange) and Both (purple) Lateralized memory display conditions. The thick lines and 

shaded areas denote subject mean and standard error of the mean, respectively. Double-

colored thick lines on the x-axis indicate time points with a significant difference between 

the respective conditions after cluster correction at P < 0.05.  
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Figure 1.14 Frontal delta power exerts top-down control during priority switch in 

VWM  

adopted from (de Vries et al., 2018). A Condition-average frontal delta/low-theta 

(hereafter: delta) power. The topography illustrates delta power averaged over the time–

frequency cluster. The time–frequency plot illustrates power at an average of AFz/3/4, 

Fz/1/2 and FCz/1/2 (white disks in topoplot) during the second delay period. B Single-

trial correlation between frontal delta power (at example electrode AFz as indicated with 

disc in the topography on the left, and averaged over the significant time–frequency cluster 

in panel a) and lateralized posterior alpha power calculated per time point. The topography 

in the left column shows absolute condition-average correlation values. C Within-subject 

condition-average correlation between frontal delta power (at example electrode AFz, 

frequency range as in the cluster in panel a) and the reaction time on the second search 

task. In every time series plot, the lines and shaded areas denote subject mean and standard 

error of the mean for normalized data, respectively.  
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1.10 Cognitive control and attentional control 

Cognitive control, also known as executive control is involved in goal-directed behaviour, 

decision-making, inhibition, working memory, and cognitive flexibility. Cognitive control 

involves functions like inhibiting impulsive responses, shifting cognitive strategies, 

managing cognitive load, maintaining relevant information in working memory, and 

adjusting behaviour to achieve long-term goals. While, attentional control is individual’s 

voluntary ability to regulate and direct one's attention based on specific goals, intentions, 

and task demands. It involves focusing on relevant information, inhibiting distractions, 

and switching attention between different stimuli or tasks. Attentional control enables the 

suppression of irrelevant or distracting stimuli by inhibiting the processing of information 

that is irrelevant to the current task, allowing individuals to focus on the task at hand. It 

facilitates this flexibility by allowing individuals to shift their attention from one task to 

another adapt to changing demands, and adjust their cognitive strategies accordingly. 

Attentional control involves monitoring ongoing cognitive processes to detect errors, 

conflicts, or inconsistencies and relies on top-down mechanisms to direct attention to 

information that aligns with current intentions. 

 As both the cognitive faculties shares main attributes of controlling information they 

shares similar brain areas too. 

The prefrontal cortex, particularly the dorsolateral prefrontal cortex (DLPFC) helps 

regulate and flexibly adjust cognitive strategies based on task demands as it is  top-down 

guidance of attention, maintaining goals, and task-set maintenance , while Cingulo-

Opercular Network comprising the anterior insula and anterior cingulate cortex, is 

responsible for monitoring and detecting conflicts between competing cognitive processes 

and monitoring for errors and in attentional control which redirect attention when 

interference or competition arises between different stimuli or tasks  monitoring and 
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detecting conflicts between attentional goals, facilitating adjustments in attentional focus. 

The intraparietal sulcus (IPS) and posterior parietal cortex help direct attention to specific 

locations in the visual field and coordinate shifts of attention between different stimuli. 

Pre-supplementary motor area (pre-SMA) and the frontal eye fields (FEF), contribute to 

attentional control by directing eye movements and guiding attentional shifts as it is 

associated with planning, sequencing, and initiating motor actions, as well as cognitive 

control processes that involve response preparation and suppression. The IFG is 

implicated in inhibitory control, response suppression, and language-related processes. It 

engages in tasks that require stopping or changing ongoing actions. Supramarginal Gyrus 

and Angular Gyrus in the parietal cortex facilitates cognitive flexibility and the switching 

of attention between different task demands whereas superior and Inferior Frontal Sulci 

monitors and adjusts cognitive control based on task context and performance feedback. 

The thalamus and basal ganglia modulates attention based on task priorities and goals 

contribute to attentional control by regulating the filtering of sensory information and the 

selection of relevant stimuli  

Active inhibition  

In the context of active inhibition, alpha oscillations are involved in suppressing or 

inhibiting the processing of irrelevant or distracting information, thereby enhancing the 

processing of relevant information. Increased alpha power indicates a state of reduced 

excitability or inhibition of neural activity in that region by actively suppress the 

processing of irrelevant information. Alpha oscillations contribute to a more focused and 

efficient allocation of cognitive resources.Frontal alpha oscillations (8-12 Hz) play role in 

attentional regulation, and active maintenance of information. The specific role of frontal 

alpha oscillations in working memory involves their modulation of neural activity to 

optimize cognitive functioning. Perceptual gain leads to inhibition of competing neural 
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activity related to irrelevant information and increased resource allocation to task-relevant 

information. Frontal alpha oscillations help to stabilize neural representations and prevent 

interference from other neural activity. The enhancement of perceptual processing by 

amplifying the sensory information of items making them more vivid and accessible that 

are actively held in working memory can influence how we perceive and interact with our 

environment. 

1.11 Research gap and Objectives 

Flexible nature of working memory is a fundamental property of top-down control of 

working memory process which is maintain by frontal parietal communication via neural 

oscillation and is reflected in adaptive nature as observed in behaviour. However, this 

flexible nature is compromised due to salient but important bottom- up interferences 

acting as distraction against the adaptive, flexible goal-based nature. Hence, priority 

switching which can be affected by repetition of feature or items, a common phenomenon 

found in look-alikes and mimicking organisms which might make it difficult to distinguish 

in between such images/objects. Also, the precedence of repetition within an image 

making that feature or set of items more salient also might hinder shifting attention to what 

is not repeated at all. Thereby, repetition can influence flexible allocation of visual 

attention in visual working memory as it might attentionally prioritises itself over other 

cue or probe facilitates information. Research over prioritisation and priority switching is 

one of the new advances where we understood that pre frontal cortices controls items and 

manipulate attention when cues are presented one after other and we also know from 

recent behavioural and eye tracking study that relational grouping induced by perceptually 

similar items can attentionally prioritise themselves over dissimilar items. However, there 

are no study that using EEG based behavioural study can examine the behavioural effect 

of relational grouping in terms of repetition as well as gives evidence of EEG correlates 
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to explain the role of power of different neural oscillations in relation to priority switching 

when repetition hinders priority switch to cue or probe-based prioritization reflecting its 

effect on brain exertion to facilitate allocation of attention yet remaining somehow 

ineffective. Keeping all this in mind, we designed and gathered experimental evidence 

under these objectives:- 

1. To study the effect of repetition on behavioral measures of WM recall. 

2. To study the role of brain oscillations in hindrance in priority switching in 

VWM. 

3. To study the effect of VWM recall for common items and distinguishing items 

using set operations as a retro-cue.  

 

1.12 Organization of the thesis 

We studied the role of attentional prioritisation as induced by repetition on priority 

switches in visual working memory states in healthy human participants using behavioural 

and EEG studies. For this, we tried to elicit required behavioural signatures and EEG 

signature for within memory array condition (Chapter 2 and Chapter 3) and also 

behaviourally when participants compared two memory arrays (Chapter 4) to give probe 

or cue related responses. 

In the Chapter 1, we gathered required evidence and motivation for conducting these 

studies based on previous literature on prioritisation and its interaction with cognitive 

faculties namely visual attention and visual working memory. In the Chapter 2, we 

investigated role of behavioural correlates on working memory recall motivating us to 

write Chapter 3 where we conduct an EEG based analyses on collected data to study role 

of different brain oscillations in hinderance in priority switching between VWM states. In 
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the Chapter 4, we tried to study the behavioural effect of common items and distinguishing 

items in VWM recall using a retro cue based VWM task. 
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Chapter 2  

Behavioural correlates of attentional prioritization and 

facilitation for repetition in visual working memory 

2.1 Introduction 

Visual working memory (VWM) is a limited-capacity cognitive system (Luck & Vogel, 

1997, 2013) that can briefly maintain control and provide access to encoded information 

(Oberauer, 2002; Olivers et al., 2011). The top-down goal selectively exercises cognitive 

control over items in VWM to protect the salient information against interference and 

decay. Thereby allowing the allocation of attention over certain items or sets of items to 

enhance the accessibility of information to maximize performance in a goal-directed task 

(Lewis-Peacock et al., 2012; Stokes, 2015). Based on this reasoning, performance in visual 

working memory tasks can be modulated as per the top-down goal and prioritized 

representational state for a specific information set over others (Lewis-Peacock et al., 

2012; Stokes, 2015). Generally, a cue or probe indicative of attending to specific features 

or spatial direction can facilitate specific retrieval of items from the working memory 

(Griffin & Nobre, 2003; Makovski et al., 2008). Hence, attention brings items into either 

an active response-ready prioritized state or the items dwell into an accessory state which 

might be required to give a response later or rendered as not of primary importance. Such 

prioritization influences recall strength and production of required behaviour to perform a 

goal-directed task (Sandry, J., Ricker, T. J., 2020). Therefore, revamping the items in the 

accessory state and bringing them into an actively prioritized state requires flexibility in 

prioritizing attention. This further requires top-down executive control and attention to 

bring less prioritized items to a more prioritized state (Myers et al., 2018).  
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However, certain perceptual features can facilitate bottom-up attentional selection leading 

to prioritization for encoding the items in visual working memory. This Default 

prioritization can be induced due to salient perceptual features (e.g., size, salient hue (color 

red) (Constant, M., & Liesefeld, H. R., 2021) or relational properties like visual similarity 

(Hamblin-Frohman et al., 2023). Memory items that are more similar and congruent to 

each other are recalled better and faster than others (Jiang et al., 2016; Lin & Luck, 2009; 

Yang & Mo, 2017). Visually similar items can also be attentionally prioritized and are 

facilitated during memory recall (Hamblin-Frohman et al., 2023). Such preferential recall 

for items sharing similarity was also observed for other visual feature domains, including 

line orientation and length (Sims et al., 2012), unfamiliar characters (Mate & Baqués, 

2009), and more complex stimuli (Jiang et al., 2016; Yang & Mo, 2017). This bottom-up 

attentional prioritization might limit the recall of cued/probed items or features in the 

deprioritized working memory state. One reason could be that any priority established by 

bottom-up features must interfere with the flexibility in priority switching. Although 

interference is reduced while participants are performing the goal-directed attention and 

working memory task  (Peters, J. C., Goebel, R., & Roelfsema, P. R., 2009), such 

hindrance in flexible priority switching must be reflected in the behavioural measures like 

response time and accuracy for recalling probe specific representations of items as after 

maintenance the representations for item supports behaviour in their own capacity 

depending upon the VWM states,(de Vries et al., 2018; Olivers et al., 2011)  they belong 

to. Repetition is also a similar phenomenon applicable to abstract items where items are 

repeated as they are perceptually similar and can be facilitated and prioritised due to 

effects like chunking (Bateman et al., 2018; Thalmann et al., 2019). 

This study utilises a memory array which contains equal number of unique items which 

are repeated and not repeated. However, each repeated item is repeated twice. This 
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memory array facilitated encoding of items of both the category however there is equal 

chances of appearance of probe from either of the category. This is to gain empirical 

evidences for our question on how these items takes up different Working memory states 

and behaviourally how this affects prioritisation as indicated by behavioural analysis.  

Finally, we test our hypothesis that during probe matching for items in the two conditions 

(Rep vs NRep), that reveals attentional prioritisation and facilitation of certain items 

interfered with items in assumed deprioritised state. Our results will imply that despite 

both types of items being encoded from the memory array in a limited time duration, 

repeated items possibly hold on to the default prioritised WM state whereas not-repeated 

items acquire secondary WM state.  

2.2 Material and methods 

2.2.1 Participants 

Twenty-five participants (12 females; M(age) = 25.04 years, SD = 2.52 years, range: 21- 

32 years) were recruited for the study. All participants had University degrees or higher; 

were right-handed (indexed by laterality score according to the Edinburgh handedness 

questionnaire); reported normal or corrected-to-normal vision; and declared no history of 

neurological or psychiatric disorders. The participants were requested to avoid the intake 

of any stimulant or medication (e.g., coffee, sedatives, etc.) before coming for the 

experiment. Two participants' data was rejected for analyses as one did not follow the 

proper instructions, and the other performed below the chance level in behavioural 

analysis of accuracy. Therefore, data for 23 participants (11 females; M(age) = 24.82 

years, SD =2.12 years, range: 21-28 years) was included in the study for further analysis.  

 

https://www.sciencedirect.com/topics/medicine-and-dentistry/analeptic
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2.2.2 Stimuli and task 

The working memory task for the study was designed and presented using Presentation® 

software (Version 23.0, Neurobehavioral Systems, Inc., Berkeley, CA) and displayed on a 

22-inch LED monitor screen (60 Hz; 1024 x 768 pixels) at a viewing distance of 75 cm.   

Participants were first acquainted with the experiment using 15 practice trials. In both the 

main experiment and practice trials, visual working memory was tested using a probe 

matching task (see Figure 2.1), where participants were subjected to 280 trials in 6 blocks, 

with each block lasting 7-8 minutes. Participants responded in a two alternate forced 

choice (2-AFC) manner. 

2.2.2.1 Memory array 

The memory array comprises of stimuli set where nine number digits were shown in each 

memory array, out of which three items were repeated twice and arranged in a jumbled 

fashion, along with three items that were not repeated; in total, nine items were presented 

in each memory array arranged in a circle. To remove biases in encoding, sets of numbers 

used in a particular array were controlled to avoid forming commonly used chunks (e.g., 

numerical order, odd or even set, etc.). Numbers were shown within the foveal area (dva 

< 5 degree) and each item subtends an angle of 0.76 degree. Hence, all memory arrays are 

presented as stimuli image during the trials and were pseudo-randomised. Memory arrays 

were shown for 2000 msec on average. 

2.2.2.2 Trial structure 

After presenting a fixation cross for 1000 msec, a memory array appears for 2000 msec, 

which participants were instructed to register carefully. After the presentation of memory 

array, a delay screen appears with a cross in the center followed by the onset of the probe 

on which participants have to respond using the left and right arrow keys for whether the 
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probe item was present in the memory array or not. Participants were instructed to give 

response as fast and as accurately as possible. Reaction time and Accuracy were analysed. 

The interstimulus interval (ISI) appears as a black screen after a response window of 1600 

msec. Out of the total 280 trials, 140 were ‘No’ trials in which participants had to respond 

to a probe for which item was not present in the memory array. The remaining 140 ‘Yes’ 

trials were for probes having a corresponding item in the memory arrays. Out of all the 

‘Yes’ trials, half had a probe for Rep items, and the other half had a probe for NRep items. 

 

 

Figure 2.1 Trial structure for the VWM paradigm. 

Each trial begins with the presentation of one of the pseudorandomised memory arrays 

comprising of total 9 digits out of which three are repeated twice while remaining three 

are not repeated. After this a delay period occurs followed by probe matching task. 50% 

times probe matches item in memory array, with equal number of trials with probe of 

repeated items (Rep) and not repeated items (NRep) while 50 % times probe is for item 

not present in the array.  
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2.3 Pre-processing  

For response time and accuracy analysis, we used data from all the “Yes” trials of 

Repeated and Not-Repeated category, where response time and accuracy were calculated 

for the response window starting from probe onset. Data of two subjects were not used in 

data analysis as one subject has poor accuracy (38%) and other one did not follow the 

instructions as directed. Outlier trials were removed using Inter-Quartile range (IQR) 

method where any data-point lesser than 1.5 times of IQR below quartile (Q1) or greater 

than 1.5 times of IQR above quartile (Q3) are removed. For Response time analysis, only 

trials with correct responses for probe matching in Rep and NRep conditions were used to 

analysis. After removing outliers’ trials accuracy was analyzed.  

2.4 Results 

2.4.1. Response time analyses 

We only used data for trials with correct responses for probe matching in Rep and NRep 

conditions for reaction time analysis. The violin plots (Figure 2.2)  (generated using ggplot 

2(Wickham, 2011) in R software) for both conditions depict that the reaction times of 

participant responses show Rep < NRep. The Reaction time distribution of Rep condition 

is skewed and visually asymmetric. Hence, we employed a non-parametric Wilcoxon 

rank-sum test to compute the statistical significance of differences between the medians 

of reaction times (RTs) of any two categories. We rejected the null hypothesis as we found 

using the Wilcoxon Signed-Rank test that the median of the two conditions was 

significantly large Z= 5.1666, p = .384e-7, r = 1.0773. Comparatively shorter reaction time 

in the Rep condition might be due to attentional facilitation of repeated items. In contrast, 

the larger RT for NRep condition might be due to the default prioritization of repeated 

item representations as they are not facilitated and may be hindered by them. 
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Figure 2.2 Response time results  

Each Violin plot shows responses time distribution for each condition (NRep Vs Rep). 

Each dot represents average response time for one participant. 

2.4.2 Accuracy analyses  

For accuracy analysis, percentage accuracy was calculated, and mean percentage accuracy 

is plotted (Figure 2.3) with distinguishable differences in distribution and median values 

showing Mean Percentage Accuracy (MPA) as higher for repeated items median = 95.3 in 

comparison to that of Not Repeated items (Median = 79.4) with -5.1666 p = 2.384e-7, r = 

-1.0773. Higher accuracy for Repeated items shows better recalling strength and a more 

prioritized state of repeated items compared to Not-repeated items in accessory states.  

Longer reaction times and relatively poor accuracy for Not repeated items reflect the role 

of attention and cognitive control over Working memory items, which are required to be 

recalled and matched for provided probe. The facilitation of repeated items in Working 

memory is reflected in shorter reaction time and better accuracy leading to attentional 

prioritization of these items in behavior, which might interfere with recall and probe 

matching for not-repeated items.  
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Figure 2.3 Mean percentage accuracy  

Results shows distribution for mean percentage accuracy for each condition (NRep Vs 

Rep as violin plot) where each dot represents average accuracy for one participant. 

 

2.5 Discussion 

The present study investigated effect of hinderance in switching between different WM 

states brought due to simultaneous maintenance before probe appearance and to respond 

selectively. This require actively recalling probe from either the item from repeated set or 

not-repeated set of working memory. Recalling by matching probe for the items in either 

of the two types of item set requires control over these items and attentional selection 

differently as designed in the paradigm in a memory array. 

Behavioural results shows that in comparison to responding for not repeated items, 

repeated items are recalled more accurately and faster as implied by behavioural results. 

Our results are comparable to prioritisation of visual similarity in working memory 

paradigm (Hamblin-Frohman et al., 2023) but by using repetition of numbers as relational 

account.  Our experiment result demonstrated that repetition of digits is attentionally 
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facilitated. leading to default prioritisation which can be attributed to faster response time 

for the repeated items. The repetition effect is perhaps leading to attaining a prioritized 

state.  

Bottom up saliency view (Theeuwes, 1992; Wolfe, 1994) suggests that non-redundant 

dissimilar item should have gained prioritised access to VWM, however repeated items 

are gaining prioritized access due to repetition enhancement like effect suggesting a  top-

down attentional prioritisation as  a strategy for encoding repeated items dominating over 

bottom-up saliency signals to ensure an enhanced representation of similar items in VWM 

(e.g., (Emrich et al., 2017). Probable reason for attentional facilitation might be chunking 

strategy (Thalmann et al., 2019) due to repeated items suggests that similar or repeated 

items escape the WM limits but an active WM state is achieved even if WM items are 

exceeding average limit of magic numbers with n = 3+/-2 items in WM. This repetition 

might be leading to default prioritized state due to occupying comparative more imagined 

visual space for relationally grouped items (Bateman et al., 2018). 

2.6 Limitations and Motivation for EEG study 

Attentional prioritisation of repeated items does not directly explain for poor accuracy and 

longer response time for the not-repeated item as recalling and maintaining representation 

of the items of the two conditions might be independent of each other. However, the two 

dependent VWM states arises which indicates role of an interference by repeated item’s 

internal representation on probe matching for the not-repeated items. This requirement in 

shift of attention and cognitive control is crucial for suppressing distraction by repeated 

item representations during switching of priority from the default prioritised repeated 

items to the probe matching for not-repeated items which we further analysed in EEG 

data. However, for probe matching of repeated items there must be no interference as 
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repeated item representations are already attentionally prioritised. With EEG data analysis 

we will be trying to identify the role of different neural oscillations namely, the role of 

theta power in control of items while suppressing interference and also to study the role 

of alpha power in inhibition of irrelevant but attentionally prioritised representations of 

repeated items and also in revamping of priority states of  not- repeated items in VWM as 

supported by perceptual enhancement of representation when are recalled using required 

probe for not -repeated item. 
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Chapter 3 

EEG correlates of how repetition hinders priority switching 

between visual working memory states 

3.1 Introduction 

Extant literature suggests that the priority switching is reflected in the changes in the 

power of the theta and alpha frequency bands(de Vries et al., 2018). However, they only 

studied the effect in cue-based prioritisation mediated by the first and second search task, 

The change in priority states of the two target representations is reflected in the reversal 

of difference in posterior alpha lateralization. Also, frontal low-frequency signal predicts 

task performance after the switch. Previous studies have related Theta power (4-7Hz) 

oscillatory changes related to top-down control over items (Sauseng, P., Griesmayr, B., 

Freunberger,  2010; Sauseng & Liesefeld, 2020). Complex behavioural tasks require a 

higher need for cognitive control (Cavanagh et al., 2012; Cavanagh & Frank, 2014; 

Cavanagh & Shackman, 2015) and have been shown to exhibit an increase in neural power 

when switching the focus of attention between the working memory representations of 

two sequential tasks (de Vries et al., 2018). More importantly, Fronto-medial theta (FMT) 

is affected by changes in Working memory load (Klimesch, W, 1999; Sauseng, P., 

Griesmayr, B., Freunberger, R., & Klimesch, W., 2010), cognitive load and cognitive 

effort (McFerren et al., 2021). It has been reported that synchronization in the posterior 

parietal cortex during attention (Paneri, S., & Gregoriou, G. G., 2017) and VWM tasks 

(van Driel et al., 2017) is seen to be mediated by activity in frontal cortices. Frontal theta 

Field controls the endogenous attentional selection of task-relevant items (Johnson, et.al., 

2017; Sauseng, P., Griesmayr, B., Freunberger, R., & Klimesch, W., 2010). 

While alpha plays for sensory information-specific attention requirements. Moreover, 

changes in relative priority of stored maintained representations are reflected in 

https://onlinelibrary.wiley.com/doi/10.1111/ejn.15506#ejn15506-bib-0021
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modulation of posterior alpha power oscillations (8–14 Hz). Role of visual attention is 

reflected in alpha lateralization  for  selection of task-relevant information for both 

external selection of relevant stimuli (Sauseng, et.al., 2005), and for internal selection of 

information maintained within VWM (van Ede, F., Niklaus, M., & Nobre, A. C., 2017). 

Attentional shift happens in accordance to what needs to be inhibited. Generally, alpha 

desynchronisation causes active inhibition of items which need to be inhibited and it works 

in accordance with frontal theta. The attentional selection of certain working memory 

content could be the result of linking a sensory representation to such a representation of 

a to-be-executed action (Olivers & Roelfsema,2020). 

 Here, we test our hypothesis that band specific spectral power differences in different 

frequency bands in particular theta and alpha power across two conditions can be 

associated with underlying causes for task specific behavioural differences elicited by the 

participants as discussed in Chapter 2. Next, we demonstrate that the observed differences 

of recalling items of either of the probe of repeated (Rep) and not repeated (NRep) 

condition is strongly linked with fronto-medial Theta and Parietal-Occipital Alpha 

oscillations. Finally, we test our hypothesis that during probe matching for items in the 

two conditions (Rep vs NRep), whether we get any signatures of top-down attentional 

control vis-a-vis through EEG Alpha oscillations that reveals attentional facilitation of 

certain items interfered with items in assumed deprioritised state. Taking together our 

results imply that despite both types of items being encoded from the memory array in a 

limited time duration, repeated items possibly hold on to the default prioritised WM state 

whereas not-repeated items acquire secondary WM state. Higher frontal theta and parietal 

alpha power show switching of WM states to prioritise hindered WM state corresponding 

to not-repeated probe, also confirmed by behavioural results. This study opens up avenue 

for understanding the role of priority switching and attentional control in working memory 
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where hinderance in priority switching of VWM states in elicited by attentionally 

prioritised repeated stimuli. 

3.2 Material and methods 

3.2.1 Participants 

Same as 2.2.1.as EEG data was collected simultaneously with behavioural data. Data for 

22 participants was included in the study for further analysis as three subjects’ data was 

not utilised as two of them performed poorly in behaviour task while data of one subject 

was very noisy. 

3.2.2 Stimuli and Task 

Same as 2.2.2. Also refer to Figure 2.1 for trial structure as EEG data was collect 

simultaneously with behavioural data. 

3.3 Data acquisition 

Data were acquired in the EEG recording room, where ambient noise, lights and other 

interferences were strictly controlled during the experiment to the same levels for all 

recording sessions. A Neuroscan EEG recording and acquisition system (Scan 4.3.3 & 

Presentation), which included an elastic cap (EasyCap) with 64 Ag/AgCl sintered 

electrodes and an amplifier (SynAmps2), was used. The 64-channel EEG signals were 

recorded using the International 10–20 electrode placement system. The reference 

electrode was positioned on the z line between Cz and CPz (closer to Cz), grounded to 

AFz, and all channels' impedances were monitored to be below 25 kΩ. The data were 

acquired at a sampling rate of 1000 Hz.   
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3.4 Pre-processing for EEG spectral analysis 

Analysis was conducted using MATLAB® and the EEGLAB toolbox(Delorme & Makeig, 

2004). Data of one participant were discarded at this step due to very noisy recordings 

(jitters with very large amplitudes). EEG data was down-sampled to 256 Hz, and High-

pass (0.5 Hz) and low-pass filters (30 Hz, respectively) were applied before the data were 

re-referenced to the linked mastoid (TP9 and TP10). Noisy channels were removed after 

visualization of spectral power over those channels and removing bad temporal segments. 

Next, we applied Infomax independent component analysis (ICA) algorithm to detect 

artefactual ICAs (eye blinks, ocular, muscular, and electrocardiograph artifacts) and 

subsequently, these components were removed manually after visual inspection. Epochs 

of 0 msec to 1600 msec were extracted from the probe display onset till the end of the 

response window. They were sorted for the two probes conditions, Rep and NRep, used 

for the Event-related spectral perturbation (ERSP) analysis. Trial-by-trial detrending of 

each epoch category was performed to remove linear trends from the signal.  

3.5 EEG data analysis 

Event-related spectral perturbation (ERSP) analysis 

Event-related spectral perturbation (ERSP) was computed by convolving three-cycle 

complex Morlet wavelets with each epoch of the EEG data. These analyses were based on 

200 time points from −1000 to 1600 msec, centred on appearance of probe till the end of 

response time window, and frequencies ranging from 3 to 30 Hz with ‘0.8’ number of 

cycles in the wavelets used for higher frequencies which will continue to expand slowly. 

The number of cycles instantiated in the wavelets from 3 cycles at 3 Hz. Baseline 

normalization was based on the time window (-1000 to 0 msec) prior to the presentation 

of the probe. Only trials where participants made a correct response to the probe were 

included in these analyses. 
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3.6 Results  

3.6.1 General 

Event related spectral perturbations (ERSP) of EEG signals was computed for trials with 

correct response for the two categories of probe recall i.e. (Repeated items Vs Not-

Repeated items). The ERSPs are computed for the epoch from probe onset till end of the 

response window at 1600 msec. Using permutation-based statistics with 2000 iterations 

of trial randomisations to generate permutation distribution and plotting values for 

frequencies from 3Hz to 30 Hz and period of -100 to 1100 msec for ERSP plots where 0 

msec represent onset of probe (Figure 3.1), Significant clusters with a threshold of 0.05 

were found prominent for theta band, alpha band and beta band after multiple comparison 

by False discovery rate (FDR) correction. 

These cluster showed increase in power of alpha and theta band which was further 

investigated by plotting ERSP plots and Scalp maps and using cluster-based permutation 

statistics for finding statistical difference in event related spectral differences in power of 

theta and alpha oscillatory bands. 
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Figure 3.1 ERSP perturbation for alpha and theta  

Fig A, B. shows the scalp maps for all averaged over frequency from 8 Hz to 13 Hz 

separately for each condition for a period of -100 msec to 1000 msec: repeated Probe 

condition (left), Not-Repeated probe condition (right). Alpha power is relatively higher in 

the Not repeated probe condition, Figures D, E, and F display ERSP results for all 63 

electrodes averaged over frequency ranges from 3Hz to 30 Hz separately for each 

condition for the temporal window of -100 msec to 1000 msec. Repeated (Rep) Probe 

condition (left), Not-Repeated (NRep) probe condition (middle), and plot of FDR 

corrected clusters with the threshold of 0.05 (in white dotted line contour) after cluster-

based permutation test (right) showing significant difference in ERSP of two conditions. 
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3.6.2 Fronto medial theta (FMT) power Analysis 

Significant power increase in ERSP plots for most sensors in not- repeated condition in 

comparison to repeated condition especially for frontal electrodes (Figure 3.2). Fronto 

medial electrodes were chosen to examine difference in theta power for the two probe 

conditions as it is sensitive to change in cognitive load and cognitive effort. C1 and C2 

were used instead of Cz as it was used for referencing. Using cluster-based permutation 

with 800 iterations of trials randomisations, we found significant cluster at around 5Hz – 

7Hz and 600 to 900 msec even after FDR correction reflecting significantly higher theta 

power with a threshold of 0.05 for recalling item using probe for Not -repeated category 

in ERSP plot (Figure 3.3, A, B, C) This also holds true for average topography (Figure 

3.3, D,E), topography for fronto-medial electrodes (Figure 3.3, F, G,H) over fronto-medial 

electrodes (Ferreira et.al., 2019) namely F1, Fz, FCz, FC1, FC2, C1 and C2 using 

permutation-based statistics with 800 iterations with a threshold of 0.05 and FDR 

correction for 5Hz to 7Hz and time period of 600 msec to 900 msec. This shows role of 

fronto-medial theta power in recalling deprioritised items which is indicative of cognitive 

control required as other factors like number of items in the two category is control and 

only repetition is the factor. This interference might affect alpha power as it is sensitive to 

suppressing task-irrelevant items. 

 

 

 

 

 

 

 

 

 



57 

 

 

 

 

 

 

 

 

Figure 3.2 The scalp maps for all electrodes averaged over frequency from 4 Hz to 8 

Hz separately for each condition for a period of 400 msec to 800 msec 

Repeated Probe condition (left), Not-Repeated probe condition (right). Theta power is 

relatively higher in the Not-repeated probe condition. 
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Figure 3.3 Fronto - medial theta (FMT) power. 

Figure (A, B, C) ERSP plot for Fronto -medial electrodes averaged over frequency from 

4 Hz to 7 Hz separately for each condition for period of -100 msec to 1000 msec. Repeated 

Probe condition (left), Not-Repeated probe condition (middle) and plot of FDR corrected 

clusters with threshold over the range reflected on the vertical bar after cluster-based 

permutation (right) showing significant difference in ERSP of two conditions. Figure 

(D,E) Scalp maps for all the electrodes averaged over frequency from 5 Hz to 7 Hz 

separately for each condition for a period of 600 msec to 900 msec: Repeated Probe 

condition (left), Not-Repeated probe condition (right). Figure (F, G, H) ERSP plot for 

Fronto -medial electrodes averaged over frequency from 4 Hz to 7 Hz separately for each 

condition for period of 600 msec to 900 msec. Repeated Probe condition (left), Not-

Repeated probe condition (middle) and plot of FDR corrected clusters with threshold of 

0.05 (in white dotted line contour) after cluster-based permutation (right) showing 

significant difference in ERSP of two conditions. 
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3.6.2 Alpha power 

General trend in alpha power 

Alpha power tends to increase for most of the electrodes for not-repeated probe condition 

(Figure 3.1 A, B) as alpha power changes are sensitive to demands of attention and reflects 

active inhibition required to inhibit interference by distractor or task irrelevant items and 

also, Figure 3.4 D, E, F topoplots are plotted using permutation statistics as discussed 

above for 400 msec to 800 msec after epoch onset and 9 Hz to 12 Hz electrodes shows 

significant difference in alpha suggesting enhance parietal and frontal alpha.  

Parietal alpha power 

Using cluster based permutation statistics with 800 iterations of trials randomisations with 

a threshold of 0.05 were used to generate data and plot alpha power which showed 

significant cluster of PO7, PO8, PO3, PO4, POz, P1, P2, P3, P4, P5, P6, P7, P8 (Erickson 

et.al., 2019) at around 400 msec to 800 msec and 9 Hz -12 Hz as visible in ERSP plots 

(Figure 3.4 A, B, C). Also, while generating topo-plots (Figure G, H, I). using permutation 

statistics as discussed above for 400 msec to 800 msec after epoch onset and 9 Hz to 12 

Hz electrodes for significantly enhanced power for parietal alpha. Figure 3.5 shows ERSP 

for each of the significant electrode in (Figure G, H, I) namely of CP4, P4, P6, P8 and 

PO8. 
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Figure 3.4 Alpha power. 

 Figure (A, B, C) ERSP plot for parietal electrodes averaged over frequency from 8 Hz to 

13 Hz separately for each condition for a period of -100 msec to 1000 msec. Repeated 

Probe condition (left), Not-Repeated probe condition (middle) and plot of FDR corrected 

clusters (in white dotted line contour) with threshold over the range reflected on the 

vertical bar after cluster-based permutation (right) showing significant difference in ERSP 

of two conditions. Figure (D, E) Scalp maps for all the electrodes averaged over frequency 

from 9 Hz to 13 Hz separately for each condition for 400 msec to 800 msec. Repeated 

Probe condition (left), Not-Repeated probe condition (middle) and (F) shows plot of FDR 

corrected clusters (red dotted) in frontal and right parietal sensors with threshold of 0.05 

reflected on the vertical bar after cluster-based permutation (right) showing significant 

difference in ERSP of two conditions. Figure (G, H) Scalp maps for parietal and parieto-

occipital electrodes averaged over frequency from 9 Hz to 13 Hz separately for each 

condition for 400 msec to 800 msec. Repeated Probe condition (left), Not-Repeated probe 

condition (middle) and (I) shows plot of FDR corrected clusters (red dotted) in right 

parietal sensors with threshold of 0.05 reflected on the vertical bar after cluster-based 

permutation (right) showing significant difference in ERSP of two conditions. 
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Figure 3.5 The ERSP plots of parietal electrodes with statistically significant alpha 

power with p <0.05  

Plots as shown in Figure 3.4 I. ERSP plots of CP4, P4, P6, P8 and PO8 are plotted with 

sub-plots (on right) 5C, 5F, 5I, 5L and 5O shows significant clusters with P<0.05 (in brown 

colour) on statistically comparing Repeated (Left subplots i.e., A, D, G, J, M) with Not-

Repeated (middle Subplots i.e., B, E, H, K, N). 

 

Frontal alpha power 

Frontal alpha (Fig 3.6 A to F) shows significant set of frontal electrodes (FCz and FC1) in 

Figure 3.6 I which were showing increased alpha power for right parietal and few frontal 

electrodes. This shows role of internal attention and its role in suppressing irrelevant items. 

However, frontal alpha might be indicative of perceptual enhancement required to respond 

for probe matching.  
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Figure 3.6 Frontal alpha power for significant electrodes  

A, B, and C display ERSP maps for FC1, and D, E, F display FCz electrodes averaged 

over frequency from 8 Hz to 13 Hz separately for each condition from -100 msec to 1000 

msec. Repeated Probe condition (left), Not-Repeated probe condition (middle), and plot 

of FDR corrected clusters with the threshold of 0.05 (in white dotted line contour) after 

cluster-based permutation (right) showing significant difference in ERSP of two 

conditions. G, H, I and depict topographic maps for all electrodes averaged over Alpha 

band frequency ranges from 9 Hz to 13 Hz separately for each condition for 400 msec to 

800. Repeated Probe condition (left), Not-Repeated probe condition (middle), and plot of 

FDR corrected clusters (red-dotted) in frontal alpha and right posterior alpha with the 

threshold of 0.05 after cluster-based permutation (right) showing significant difference in 

ERSP of two conditions. 
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3.7 Discussion 

ERSP data analyses clarified the role of different frequency bands in differential 

attentional selection and cognitive control required for the recalling and confirming for 

the probes of either of the two categories. 

While repeated items achieve an active state due to default prioritisation as shown by 

behavioural results, probe matching of not repeated items are compromised by them. This 

revamping of accessory state of not-repeated items requires more top-down control which 

was found to reflected in theta power in fronto-medial sensors. Comparatively increased 

theta power for recalling and responding for the not repeated items implies more cognitive 

control required for recalling these items. This is in line with previous research showing 

crucial role of theta in prioritizing task-relevant information and potentially in suppressing 

information that is no longer relevant in order to successfully guide behaviour ( (de Vries 

et al., 2018; Riddle et al., 2020). Contrary to that repeated items do not require much 

cognitive control and utilises chunking like strategy. Theta power is comparatively lower 

due to repetition enhancement like effect as default prioritisation of repeated items reduces 

the effort. Here, we fixed the number of items so that cognitive load or varying working 

memory capacity does not affect the theta power. Instead, the difference in theta power 

during not-repeated items probe matching is appearing due to interference of repeated item 

representations which is similar to medio -frontal theta power effects of cognitive 

interference in (Nigbur et al., 2011). 

The cognitive control over WM items as reflected in the fronto–medial theta power also 

drives the alpha oscillations in sensors of posterior parietal cortices. Alpha power mediates 

attention for selection of relevant information and in this study, difference in frontal alpha 

power changes as well as right posterior parietal alpha power changes is observed.  
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Active inhibition of non-relevant but distracting representations of repeated item requires 

its suppression while matching probe for not -repeated condition. This is reflected in 

increase in alpha power for not-repeated items in comparison to recalling for repeated 

items. Along with theta power this indicated more control requirement in recalling the 

deprioritised items. Switching of priority from default prioritised items to deprioritised 

but relevant matching probe for not -repeated items requires increases in alpha power in 

right parietal cortex. Such increase in Right alpha power was shown by (Benedek et.al., 

2014) where they concluded that deactivation of right temporo-parietal junction causing 

inhibition of ventral attention network which helps in inhibition of orientation of attention 

towards irrelevant items or information as is required for cognitively demanding task (e.g. 

mental imagery and idea generation). Interestingly, in our experiment this change in alpha 

power is possibly for actively shielding the items from irrelevant representations. 

We also noticed significant differences in frontal alpha power too while comparing the 

epochs for probe matching of repeated and not-repeated items. Frontal alpha oscillations 

might be reflecting origin of top-down control of parietal alpha. As frontal alpha is also 

related to perceptual gains (Misselhorn et.al., 2019), its role might be crucial for enhancing 

the representation of not-repeated items which need to become prioritised while also 

supressing irrelevant but attentionally facilitated and prioritised representation of repeated 

items. This requirement of perceptual gain might explain revamping of not-repeated items 

in accessory WM state.  

Considering all the results , we can infer that default prioritisation of repeated items can 

clearly be seen in not just behaviour but also in requirement of less effort due to their 

attentional facilitation, However, comparative hinderance in matching probe for not-

repeated items is explained by increased fronto-medial theta and increased alpha power 
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both in  frontal and parietal area provides evidences for priority switching from default 

prioritised items to relevant items facing interference by non-relevant representations. 

3.8 Limitations of this study  

Whereas Chapter 2 suggested the effect of attentional prioritization of repeated items on 

facilitating its VWM recall over not-repeated items as evident from the behavioral results, 

this EEG data analyses shows that neural oscillation of theta and alpha power are 

significantly increased for not-repeated condition. However, this study does not compare 

the effect of recall of repeated items between two memory arrays as is the case for 

comparing two sets which if recalled by cue will provide valuable information about cue-

based working memory maintenance and role of neural oscillations. Such an experiment 

will provide explanation for comparing two arrays about how commonality which is 

repetition between two memory arrays can hinder processing of items which are not-

common in between two arrays.  

  



67 

 

Chapter 4  

Behavioural correlates for recalling common items and 

distinguishing items using set operations in a retro-cue based 

VWM task 

4.1 Introduction 

Discriminating between images or scenes is very important cognitive capability supported 

by perceptual biasing and discrimination which require recalling images and subsequent 

part of images in mind and switching between the representations of the images. Such 

tasks are readily utilized in distinguishing lookalikes and identifying the differences. 

However, this might infer the role of higher regions to interfere with perception like 

simpler abilities which are dependent on cognitive faculties like perception modulated by 

occipital lobes for the visual system and in fact, it was found that the contents of visual 

working memory are actually represented within retinotopically organised visual areas 

(Harrison & Tong, 2009; Kang et al., 2011; Serences et al., 2009). Even a coherent percept 

of image is broken down in to items at initial phase and that binding of features is done 

by working memory is  also treating the individual items as items and use them in 

manipulating items which is, however bounded in a specific fashion due to perceptual 

template and these probably facilitates use of attentional templates to search for individual 

items, This suggest that attentional prioritization of repeated items between two images or 

sets can happen and can also interfere with processing of items or part of images which 

are not common. This suggests that working memory scouts for features or part of images 

both in top- down manner and also by bottom-up attentional prioritisation due to shared 

items or features leading to perceptual grouping and this might be the reason for 

precedence of commonality in advantage of survival in nature as mimicking butterflies 

and other organisms are spared from predation due to similarity because many of these 



68 

 

predators mostly amphibians like frog or reptiles have very limited capacity for VWM. 

Another aspect of this is as working memory increases as higher organisms like us human 

being can differentiate between lookalikes and mimicking butterfly as early as a toddler 

learning to find some five or ten different between two lookalike images. Hence, enhanced 

working memory capacity had this evolutionary advantage of cognitive evolution.  

In this work, we have carried out two behavioural experiments to address the above 

questions specifically. The behavioural paradigm proposed here allowed us to investigate 

whether the stimuli composed of common items/features hinder recalling items in the 

differences. In the first experiment, we have studied the prioritization of repeated common 

items over non-repeated differences using an early probe paradigm. Subsequently, we 

proposed this study involving a retro-cue-based working memory paradigm to study 

working memory recall for common items and distinguishing items using set operations 

as a retro cue (Where retrocue can be of any of these three set operations namely 

intersection, symmetric differences and union for commonality, all items minus common 

items and all of the items respectively). 

4.2 Materials and methods 

 4.2.1 Participants 

We have collected data from 9 participants (4 males and 5 females, mean age =23.6 years). 

All participants had University degrees or higher; were right-handed (indexed by laterality 

score according to the Edinburgh handedness questionnaire); reported normal or 

corrected-to-normal vision; and declared no history of neurological or psychiatric 

disorders. The participants were requested to avoid the intake of any stimulant or 

medication (e.g., coffee, sedatives, etc.) before coming for the experiment. Two 

participants' data was rejected for analyses as one did not follow the proper instructions, 

https://www.sciencedirect.com/topics/medicine-and-dentistry/analeptic
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and the other performed below the chance level in behavioural analysis of accuracy. 

Therefore, data for 23 participants (11 females; M(age) = 24.82 years, SD =2.12 years, 

range: 21-28 years) was included in the study for further analysis.  

4.2.2 Stimuli and Task 

In each trial, after fixation of 1000 msec, the participant encodes two sets of random 

numbers as digits adjacent to each other appearing within the foveal region (dva < 5 

degrees) in 2000ms. The two sets have three items in common between them and three 

items that are not repeated and are different in the two sets.  Afterward, participants retain 

all the numbers for 4000 ms increased to 9000 msec exponentially, and then a retro cue of 

set symbols appear for 1000 msec to selectively recall either common items or items in 

differences. Next, 2000 msec ms increased to 7000 msec exponentially time is provided 

for participants to think for resultant set and then a probe appears. Participants have to 

recall whether the presented number probe matches the intersection set or the symmetric 

differences based on a given retro cue. Next, the participants need to provide a yes and no 

response within a window of 1500ms. Subsequently, we have collected RT and accuracy 

data from all participants. 

In total, we have presented 300 trials in the main block. We have conducted this 

experiment for two consecutive days. Each day participant gives responses for 150 trials 

in 3 blocks. We have presented 100 randomized trials for each of the three retro cue 

conditions, i.e., intersection, symmetric difference, and union.  Each condition has equal 

numbers of yes and no trials. Before the main experiment, participants completed a 

familiarity block of 30 trials to familiarize themselves with set operations and 

experimental design (Figure 4.1). Prior to this, a practice sheet was required to be 

submitted solved by all participants with 100 % accuracy (See Appendix). 
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Figure 4.1: Trial structure for the retro cue paradigm. 

Two memory arrays were presented simultaneously and then after a delay, cue were 

presented either for union or intersection or symmetric difference and the probe is used 

for cue-selective recall where 50% are “Yes” trials and 50 % are “No” trials (25 % for cue 

irrelevant probe from other cue condition while other 25% for cue-irrelevant probe absent 

in the memory arrays presented). 

 

4.3 Pre-processing 

For response time and accuracy analysis, we used data from all the cue category, where 

response time and accuracy were calculated for the response window starting from probe 

onset. Outlier trials were removed using Inter-Quartile range (IQR) method where any 

data-point lesser than 1.5 times of IQR below quartile (Q1) or greater than 1.5 times of 

IQR above quartile (Q3) are removed. For Response time analysis, only trials with correct 

responses for probe matching in each of the cue conditions were used to analysis. After 

removing outliers’ trials accuracy was analyzed.  

4.4 Results 

We analysed mean RT (Figure 4.2) and accuracy data (Figure 4.3), which showed higher 

accuracy and lower RTs while recalling common items when intersection retro-cue was 

presented. Comparatively, we found higher RTs and lower accuracy while recalling items 
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in differences when symmetric difference retro-cue was used. Based on the above results, 

we have carried out a nonparametric Mann Whitney U-test for mean RTs. We found 

statistically significant differences between response time values (in msec) for working 

memory recall for two retro-cue set operational conditions of commonality (M=780.01, 

SD=155.63) vs. symmetric difference (M=834.06, SD=172.45) with U (8) = 313331, p = 

0.00026. 

 Mean percentage accuracy is also plotted for the three cue conditions. Intersection cue 

dependent probe based recalling accuracy is somewhat stronger than that of the symmetric 

difference cue dependent probe-based recalling, MPA is highest for union condition 

reflecting that cognitive computation required for the symmetric difference condition is 

most difficult and surely easier than maintaining 9 items (where 3 are repeated twice) as 

VWM load in union condition. 

 

Figure 4.2 Mean response time for retro cue base VWM task. 

Mean response time is plotted for all three cues condition-based recall conditions where 

significant difference is observed on comparing symmetric difference and intersection and 

on comparing union with the intersection showing the lowest mean reaction time for 

intersection cue condition-based recall. 
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Figure 4.3 Mean percentage accuracy for retro cue-based VWM task 

Mean percentage accuracy is lowest for symmetric difference conditions, although not 

significant, reflects difficulty in processing and responding accurately. 

 

4.5 Discussion  

This prioritization of repeated items as supported by significantly lower reaction time in 

comparison to that for symmetric difference supports the retro cue-dependent recall of 

common items for intersection set operation which shows that intersection items controls 

the active VWM state. However, there is an apparent interference in recalling items in 

differences while presenting a retro-cue for symmetric difference set operation. This 

hindrance is likely due to reorienting attention from already prioritized common items, 

thereby, leading to revamping of VWM state for symmetric different as by default items 

in VWM state of commonalities are actively maintained. Taking all the preliminary pieces 

of evidence together, we find that recalling items in a set that are not common in the two 

sets is hindered by prioritization due to the repetition of common items/features while 

encoding. 
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Also, as the accuracy for union condition is highest even though all 9 items need to be 

maintained, accuracy for intersection and symmetric difference is poor and that 

performing a cognitive deduction as in symmetric difference condition or even in 

intersection condition is way difficult in comparison to maintaining nine items in union 

condition. This reflects that a cognitive deduction is a much more complex and taxing 

phenomenon than maintaining 9 items in the mind without having a thought to apply some 

cognitive computation other than just maintaining representations of items in VWM. 

 This study suggests the role of higher brain area like pre-frontal cortex and how they can 

maintain attentionally prioritised states just by abstract goal formation using symbolic cue 

of set operations. Such abstract cue can facilitate maintenance of attentionally prioritised 

commonality and that these common items are prioritised due to owning of an active 

working memory state. 
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Chapter 5 

Conclusions and future directions  

 

The motivation behind this thesis of work was to study the effect of attentional 

prioritization of relational grouping using repetition in the two cases i.e., within the 

memory array (Chapters 2, 3) and between the memory arrays (Chapter 4) by identifying 

the behavioral and neural correlates of this attentional prioritization and its effect in 

hindering the priority switching in the VWM states. 

We gathered ample motivation from the related literature to define the gap in Chapter 1, 

where we found that repetition can also be considered in this scientific study as it is a kind 

of perceptual similarity but in terms of a more abstract form in the VWM and probably 

can be attentionally prioritized similarly. It can be interesting to study the inflexible 

allocation of attention due to attentional prioritization in the abstract VWM sense and how 

this attentional prioritization causes interference by distracting the processing and 

recalling of not-repeated items by disrupting priority switching in visual working memory. 

Also, recent advances in EEG correlates of prioritization acted as a basis for investigation 

using ERSP analyses. These ERSP correlates expanded our understanding of the 

behavioural results. Thereby, we designed the experiments, which are detailed in chapters 

2, 3, 4. 

 In Chapter 2, we laid the foundational work for establishing whether repeated items are 

attentionally prioritized thereby collecting and analyzing behavioral data where using a 

delay-based probe matching task to study VWM recall-based measure in terms of response 

time and accuracy, we found behavioral evidence that repeated items are recalled 

significantly faster and with better recalling accuracy which is a case of relational 

grouping of items utilizing chunking like strategy leading to attentional prioritization. 
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These results can be related to recent findings in behavioural study by (Hamblin-Frohman 

et al., 2023), where perceptually similar items are recalled with better accuracy and also 

faster, which helped us infer the role of relational grouping (Bateman et al., 2018; Jiang 

et al., 2016; Martin & Becker, 2021)too. This also implied that differential allocation of 

attention is induced, leading to differences in response time and accuracy, hinting towards 

involvement of VWM states where we expected that VWM recalling for repeated and not-

repeated condition might be having two independent pathways for processing and we 

concluded that there is precedence for recalling repeated items, which means there might 

be just faster allocation of internal attention to the representation as repetition is 

attentionally prioritized and have higher priority score. Thereby, representing this 

experiment paradigm as having a task of attention and with no involvement of higher areas 

like the prefrontal cortex. However, we expected the role of VWM, cognitive control and 

active inhibition of task-irrelevant and highly prioritized items of repeated condition 

during recalling items in VWM as is required for revamping of an accessory state to active 

VWM state. This equivocality necessitated the empirical investigations of EEG correlates 

like the role of Event-related spectral perturbation on different oscillatory bands. 

Hence, in chapter 3, we hypothesized significant differences in power for frontal theta and 

posterior parietal alpha as they are crucial for understanding their role in the control of 

items thereby inducting a top-down mediation for parietal areas to actively inhibit 

representation of task irrelevant items. In ERSP analyses, we found enhanced theta power 

for recalling not-repeated items which shows requirement of comparatively more 

cognitive control(Cavanagh & Frank, 2014; Paneri, S., & Gregoriou, G. G., 2017; Sauseng 

& Liesefeld, 2020) as theta is also marker for cognitive interference(Klimesch, W, 1999; 

Nigbur et al., 2011; Riddle et al., 2020). Parietal alpha power which is sensitive to priority 

switching as discussed in (de Vries et al., 2018) too. We also found an increased alpha 
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power in right parietal  and parieto-occipital electrodes (Benedek et.al., 2014; Liesefeld et 

al., 2020) for recalling items in not-repeated condition which explained the role of 

allocating internal attention required for shielding the task relevant by hindered VWM of 

not-repeated items. Interestingly, we also observed role of frontal alpha (Misselhorn et.al., 

2019) as it increases in response to perceptual enhancement required for revamping 

representations of hindered VWM state of not-repeated items.  Therefore, it can be 

inferred that hinderance in priority switch is reflected in neural oscillations.   

In chapter 4, we tried to investigate the effect of relational grouping by repetition but in 

the case when participant are comparing two different sets to study effect of retro-cue 

based  set maintenance and thereby, cue dependent probe based recalling of items 

specifically explaining the set based maintenance to understand behavioral correlates of  

recalling commonality and difference between two memory arrays which showed faster 

reaction time for recalling commonality showing better enhancement of recalling common 

items while longer reaction for symmetric difference. Also, serendipitously we observed 

that a cognitive deduction like in intersection or symmetric difference is a much more 

complex and taxing phenomenon than maintaining nine items in the mind without having 

a thought to apply some cognitive computation other than just maintaining representations 

of items in VWM. 

In future, it will be interesting to investigate the role of connectivity measure as a signature 

for role for fronto-parietal network in priority switching and its hindrance. Also, cross-

frequency between phase of theta and amplitude of alpha will be interesting to know in 

case of attentional prioritisation and its effect on VWM. The role of fronto-parietal 

network has been identified in math skills and maths competence. Hence, in the EEG study 

for the retro cue VWM task, it will be interesting to see its role as doing set operations 

require a level of problem solving and dealing with abstract numbers. 
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Appendix 

 
 

Set operations Practice Sheet 

  

 

 

1. Email * 
 

 
 

 

 

Untitled section 

Untitled section 

1. Union (denoted by ∪ ) : of a collection of sets is the set of all 

elements in the collection. 

 
Example 1 : P = {2,5,6,} and Q = {4,8,9} , P ∪ Q = {2,4,5,6,8,9} , basically 

includes all of elements . 

 

 

2. Question 1 : M = {1,2,3} and N = {4,5,6}, then , M ∪ N = * 

{ } 
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3. Question 2 : A = {0,1,2,5} and B = {2,3,5,6} then A ∪ B= * 

  . 
 

 
 

 
 

 
 

 
 

 
 

 

 

2. Intersection (denoted by ∩ ): 

 
An intersection set contain common elements from the two main set . 

Example 1 : A = {0,1,2,5} and B = {2,3,5,6} then A ∩ B= {2,5} 

 

 

 

4. 2; P = {5,6,9} and Q = {6,7,8,9} then,P ∩ Q = { * 
 

 
 

 

 

 

 

 

 

5. 3. M = {1,2,3} and N = {4,5,6}, then , M ∩ N = * 

{ } 
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6. 4. M = {1,1,2,3} and N = {1,3,3,5,6},then , M ∩ N = * 

{ } 
 

 
 

 
 

 
 

 
 

 
 

 
 

3. Symmetric difference (denoted by △): set that contain all the 

elements except that are common. 

 
In simple word , Symmetric difference = Union - intersection. 

Example 1. A = {0,1,2,5} and B = {2,3,5,6} then A △ B= {0,1,3,6} 

 

 

7. Question 1 M = {1,1,2,3} and N = {1,3,3,5,6},then , M △ N = * 

{ } 
 

 
 

 
 

 
 

 
 

 
 

 

 

8. Question 2. : A = {0,1,2,5} and B = {2,3,5,6} then A △ B= * 

  . 
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Practice Sheet 
 

 

9. Union includes : * 
 

Mark only one oval. 

 

 

 

 

 
set. 

All the elements except common elements. 

Elements from any one of the set 

All the elements in Intersection set and symmetric difference 

 

 

 
 

10. Symmetric difference is * 
 

Mark only one oval. 

 
All the elements 

Union minus intersection Only 

common elements 

 

 

 

11. Intersection is * 
 

Mark only one oval. 

 
All the elements 

Union minus intersection Only 

common elements 
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12. Choose the correct symbol : Union * 
 

Mark only one oval. 

 
△ 

∩ 

U 

 

 

 
 

13. Choose the correct symbol : Intersection * 
 

Mark only one oval. 

 
△ 

∩ 

U 

 

 

 
 

14. Choose the correct symbol : Symmetric Difference * 
 

Mark only one oval. 

 
△ 

∩ 

U 

 

 

 
Practice sheet 2 

 
In the following questions , you will be presented with 2 sets vertically. Your 

task is to answer the questions in the blank area for these sets ? (try to do it as 

a fast as you can), 
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15. Write down the items in symmetric difference set ? * 
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16. write down the items in intersection set ? * 
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17. write down the items in symmetric difference set ? * 
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18. write down the items in intersection set ? * 
 
 

 
 

 

 

 

 

 
 

Practice Test- Main 

 
Two sets are presented vertically , a set operation is shown below it. Your task 

is to tell whether provided single number belongs to resulting set or not. Write 

Y for Yes and N for No. 
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Examples: 
 

 

 

 

 

Example 2 
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example 3 
 

 

 

 

 

example 4 
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19. Put 'Y' for yes and 'N' for No * 
 
 

 

 

 

 
20. Put 'Y' for yes and 'N' for No * 
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21. Put 'Y' for yes and 'N' for No * 
 
 

 

 

 

 
22. Put 'Y' for yes and 'N' for No * 
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The only true wisdom is in knowing 

 you know nothing. 

- 

Socrates 
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