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Abstract 

In visual search, top-down task knowledge and bottom-up stimulus salience interact to determine where 

observers are most likely to attend. Past research has demonstrated that during search tasks, scene regions 

with a high probability of containing the target (spatially relevant regions) are more likely to be attended 

than regions with low target-probability (spatially irrelevant regions; Chastain & Cheal, 1997; Pereira & 

Castelhano, 2018; Travis, Mattingley, & Dux, 2013). Pereira and Castelhano (2018) demonstrated that 

abrupt-onset distractors are more likely to be fixated when they appear within spatially relevant regions; 

however, the attentional mechanisms underlying this differential processing are not fully understood. Two 

hypotheses could explain the attentional mechanisms involved: firstly, information in spatially relevant 

regions may be enhanced, such that distractors in this area are more likely to capture attention. Secondly, 

information in spatially irrelevant regions may be inhibited, such that distractors in spatially irrelevant 

regions are actively suppressed. The present study assessed these two possibilities, which are not 

mutually exclusive. 

Here, we aimed to assess three classic ERP components – two associated with attentional capture (the P1 

and the N2pc), and one with active suppression (the PD). There were two types of searches: object search, 

wherein scene context was relevant, and letter search, wherein context was not relevant.  We found that 

overall task engagement was low, as reflected in both ERP data and accuracy scores. As such, we were 

unable to perform statistical comparisons on our ERP results; however, qualitative analyses suggest that 

attentional distributions did not vary depending on the spatial relevance of distractor positioning. This is 

more likely to reflect limitations of our paradigm than the nature of attentional deployment during visual 

search. We conclude with recommendations for future paradigms that concentrated on strengthening task 

engagement as well as distractor saliency.  
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Chapter 1 

Introduction 

The visual environment is complex, and our visual system can attend to only a subset of 

it at any given time. Thus, successful navigation of the environment depends on selective 

attention: the ability to process relevant stimuli while filtering out extraneous information. These 

dual mechanisms of target detection and distractor suppression are at the heart of visual search, 

wherein observers must search through numerous distractors (non-target stimuli) in order to 

locate the target object. Past research has examined how attention is distributed during search, 

with emphasis on how it varies as a function of stimulus salience as well as task demands. 

 

Attentional Deployment in Object Arrays 

In simple object arrays, attention depends strongly on stimulus features. The presence of 

numerous or visually salient distractor stimuli reduces accuracy and slows reaction times in visual 

search (Turatto & Galfano, 2000; Wang & Cavanaugh, 1994; Yantis & Jonides, 1984). Theeuwes 

(1994) argued that salience is the primary factor that guides attention in search through object 

arrays. Multiple features can influence stimulus salience: for instance, both brightly coloured 

stimuli (Theeuwes, 1994) and unfamiliar stimuli (Wang & Cavanaugh, 1994) have been shown to 

enhance attentional capture. Abrupt-onset stimuli (which appear suddenly and unexpectedly 

onscreen midway through search) are also prioritized in allocating attention (Yantis & Jonides, 

1990). However, when participants know the target location prior to engaging in search (i.e., 

when the target location is cued by the experimenter), salient stimuli elsewhere in the array do not 

capture attention (Yantis & Jonides, 1990; Theeuwes, 1991). This demonstrates that attention can 

be spatially directed, and is preferentially allocated to image regions that are likely to contain a 

target.  
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These effects of spatial attention can also be observed when location cues are implicit. 

Search is more efficient when array configurations are repeated and target locations become 

predictable relative to surrounding distractors (Chun, 2000; Chun & Jiang, 1998; Travis, 

Mattingley, & Dux, 2013). This demonstrates that observers learn global spatial regularities over 

time, and that attention can be guided by them. Such regularities must be directly manipulated in 

object arrays, in which targets are not inherently more likely to be found in one location than in 

any other initially. However, they are naturally present within real-world scenes, which are 

governed by statistical regularities and meaningful object relationships (for instance, pillows are 

likely to be found near beds or couches, and not in rooms without these surfaces; Brockmole & 

Vo, 2010; Coughlan & Yuille, 2001; Oliva & Torralba, 2006; Torralba, Oliva, Castelhano, & 

Henderson, 2006). Following from this, we would expect the influence of spatial attention to be 

even more pronounced when searching through real-world scenes rather than simple object 

arrays.  

 

Attentional Deployment in Real-World Scenes 

In real-world scenes, visual search is heavily influenced by target knowledge 

(Biederman, Glass, & Stacy, 1973; Henderson, Brockmole, Castelhano, & Mack, 2007; 

Castelhano & Henderson, 2007). For instance, foreknowledge of likely target locations yields 

more efficient search (Biederman, Glass, & Stacy, 1973; Castelhano & Henderson, 2007; Neider 

& Zelinsky, 2006), and distractors are more likely to attract attention as a function of target-

similarity (Luria & Strauss, 1975).  

The influence of spatial relationships is particularly meaningful with respect to real-world 

scenes, which can be uniquely described according to spatial relevance. Target identities often 

provide cues as to their placements (for example, slippers are likely to be found on floors, and 

paintings along walls), which in turn influence where observers are most likely to prioritize 
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information processing (Biederman et al., 1973; Castelhano & Henderson, 2007). These implicit 

spatial regularities can be used to predict where observers are likely to fixate and attend while 

engaging in search tasks (Torralba et al., 2006). 

 

The Contextual Guidance Model 

The Contextual Guidance model (Torralba et al., 2006) is a compuational model that uses 

scene context to more accurately predict eye movement guidance during visual search.  The use 

of scene context capitalizes upon the link between real-world objects and the scene regions in 

which they are most likely to appear. Interestingly, the predictions made by the model are 

analogous to the vertical position in the scene at which a target object is most likely to be found. 

For example, paintings are most commonly found along upper-half of walls, and rugs along 

ground-level surfaces. Horizontal positioning is less informative (paintings and rugs are equally 

likely to be found to the right or left). Taken together, this means that many real-world objects are 

likely to lie at any horizontal coordinate along specific vertical positions within the image (see 

Figure 6, Torralba et al., 2006). The Contextual Guidance model posits that observers are likely 

to focus their attention on these spatially relevant regions. Indeed, when compared to human 

observers, the model was able to predict eye movement patterns with higher accuracy than 

models that relied solely on stimulus salience (Torralba et al., 2006). These results demonstrate 

that spatial relevance does influence attentional distribution during visual search; however, the 

precise mechanisms underlying this distribution remain unclear. Spatially relevant scene regions 

seem to be preferentially attended, which may reflect either attentional enhancement within them 

or attentional suppression beyond them.  

To address these questions regarding attentional distribution, it is also necessary to 

operationalize scene regions as either spatially relevant or spatially irrelevant. Building from the 

Contextual Guidance model (Torralba et al., 2006) we operationalized spatially relevant and 
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spatially irrelevant regions using the Surface Guidance Framework (Castelhano & Pereira, 2018; 

Pereira & Castelhano, 2018).  

 

Surface Guidance Framework 

 While many studies have shown that the knowledge of likely object location can benefit 

visual search performance (Biederman, Glass, & Stacy, 1973; Castelhano & Henderson, 2007; 

Neider & Zelinsky, 2006), how this knowledge is implemented as a strategy is poorly understood.  

To this end, Castelhano and colleagues (Castelhano & Pereira, 2018; Pereira & Castelhano, 2018) 

have recently proposed the Surface Guidance Framework. The Surface Guidance Framework 

operationalizes scene regions as either spatially relevant or spatially irrelevant by using the 

established associations between object placement and scene context. Based on the Contextual 

Guidance model (Torralba et al., 2006), the Surface Guidance Framework divides scenes into 

three horizontal bands: upper (ceiling, upper walls), middle (mid-level surfaces such as tables or 

countertops), and lower (floor, lower wall). Different objects are in turn associated with each 

region (e.g., ceiling fans – upper; mugs – middle; carpets – lower). The band in which the target 

object is most likely to be found is defined as the spatially relevant region, while the remaining 

two bands are defined as spatially irrelevant (i.e., unlikely to contain the target). The Surface 

Guidance framework proposes that attention will be predominantly directed towards spatially 

relevant regions during search; specifically, it suggests that attention will be concentrated along 

the spatially relevant horizontal band. Stemming from this, we would expect that abrupt onsets 

occuring within the spatially relevant region would be more likely to capture attention than 

distractors onsetting elsewhere within the image. 

Pereira and Castelhano (2018) investigated this question. They examined whether the 

target relevance of distractor positioning impacts attentional deployment, hypothesizing that 

spatially-relevant distractors would be more likely to be attended. They found support for this 
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prediction using eye movement tracking. During search, a abrupt-onset distractor could appear 

either within or outside of the spatially relevant region in a subset of trials. They found that 

attentional capture was enhanced for spatially relevant distractors, which were more likely to be 

fixated upon and saccaded towards than spatially irrelevant distractors. These results support the 

notion spatial attention is preferentially allocated towards spatially relevant scene regions; 

however, the extent to which distractors in spatially irrelevant regions were processed remained 

unclear.   

Spatially irrelevant distractors did not influence eye movements in Pereira and 

Castelhano’s (2018) study, suggesting that they may not have been attended. However, an 

alternate possibility is that they did capture attention but were actively suppressed. Given that eye 

movement data cannot distinguish between these two possibilities, the present study aims to do so 

through encephalographic (EEG) recording using three event-related potential (ERP) components 

associated with attentional capture (P1 and N2pc) as well as active suppression (PD).  

 

ERPs and Distractor Processing 

Event-related potentials (ERPs) are stereotyped responses to a stimulus measured through 

EEG recording, wherein voltage deflections are measured at the scalp and plotted across time. 

ERPs are advantageous in that they measure neural processing (rather than being restricted to 

overt behaviour) and can be directly time-locked to stimuli of interest.  

The P1. The P1, also known as the P100, reflects early visual attention to a stimulus. The 

P1 is a positive deflection observable approximately 100 ms post-stimulus onset and believed to 

originate in the extrastriate visual cortex (Mangun, 1995). Initially, the P1 was thought to reflect 

basic sensory processing (e.g., Spehlmann, 1965); however, later studies demonstrated that P1 

amplitudes can be modulated depending on where observers allocate attention (Van Voorhis & 

Hillyard, 1977; Mangun, 1995; Mangun & Hillyard, 1990). Van Voorhis and Hillyard (1977) 
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found that P1 amplitudes were greater when target stimuli appeared within the attended visual 

field, and were lessened when targets appeared in the opposite visual field. Luck et al. (1994) 

argued that these differences reflect the benefits and costs of attention, respectively: P1 

amplitudes are enhanced when the correct location (i.e., the location containing the target) is 

attended, and suppressed when incorrect locations (i.e., locations not containing the target) are 

attended, necessitating a shift to the spatially relevant region.  

To date, few studies have examined the P1 in response to distractors. Given that attending 

to distractors does not enhance task performance, we would not expect participants to reorient to 

them after they onset. Notably, a distractor onsetting within a spatially irrelevant region is highly 

unlikely to be the target. As such, although past studies have recorded P1 suppression when 

targets appeared in uncued regions (Luck et al., 1994; Brosch, Sander, Pourtois, & Scherer, 

2008), we would not expect to see this same suppression when the onsetting object is a spatially-

irrelevant distractor. By contrast, we would expect to see enhancement when a distractor 

appeared within the attended region, given that its spatial relevance might encourage further 

processing of its features. Under these assumptions, the P1 may prove to be a useful tool for 

assessing distractor processing and attentional distributions.  

The N2pc. Luck and Hillyard (1994) isolated an ERP component known as the N2pc, 

which indexes top-down attention to a target in the presence of distractors (Eimer, 1996). The 

N2pc is thought to reflect the simultaneous processes of target-detection and distractor-

suppression (Luck & Hillyard, 1994). The acronym can be broken down to explain its four main 

characteristics: ‘N’ refers to the negative deflection; ‘2’ refers to the latency range (approximately 

200ms post-stimulus); ‘p’ refers to the component’s broad topographic location, in the posterior 

region of the brain; and ‘c’ refers to the component’s lateralization: it onsets in the hemisphere 

contralateral to the target. To elicit an N2pc, at least two conditions must be met: (1) targets and 
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distractors must be lateralized (i.e., presented in opposite visual fields, with neither falling along 

the vertical meridian), and (2) at least one target and one distractor must be present in an array.  

Although the N2pc is typically described as a reflection of attention to a target, it bears 

noting that it can also be elicited in response to non-targets that are believed to be a potential 

target. Luck et al. (1994) found that the N2pc was reliably elicited by distractors that resembled 

the target object, but not by distractors that did not. Hillyard et al. (1990) also demonstrated that 

the N2pc can be restricted to specific areas within a scene when those areas are pre-designated as 

spatially relevant. Based on this, Luck and Hillyard (1994) argued that the N2pc reflects spatial 

filtering as a function of target and distractor features.  

The PD. Recent analyses of the N2pc have demonstrated that it may reflect the 

summation of two distinct components: the NT, or negativity of the target, and the PD, or 

positivity of the distractor (Hickey, Di Lollo, & McDonald, 2006; Sawaki & Luck, 2010). These 

sub-components are time-locked to roughly the same latency as the N2pc, and arise in response to 

arrays wherein either targets (in the case of the PD) or distractors (in the case of the NT) are 

presented along the vertical meridian such that they fail to elicit the full N2pc. Due to this, the NT 

is thought to solely reflect processing of lateralized targets (i.e., targets not falling along the 

vertical meridian, in the presence of centralized distractors), while the PD is theorized to reflect 

inhibitory processing of lateralized distractors (in the presence of centralized targets).  

Like the N2pc, the PD can be indexed as a measure of attention to distractors; unlike the 

N2pc, the PD does not appear to rely on the appearance or awareness of a target. This has 

important implications for visual search through real-world scenes, wherein distractors often 

compete for attention before targets have been located. The PD also appears to be less sensitive to 

task-relevance than the N2pc. For instance, Sawaki and Luck (2010) found that whereas salient 

but task-irrelevant stimuli often failed to elicit the full N2pc, they did reliably elicit a PD in the 

same latency range. Interestingly, Sawaki and Luck also noted that the PD was observable even 
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when these same distractors appeared in task-irrelevant image regions (regions in which 

participants were instructed that targets would never appear). This suggests that attention is not 

necessarily restricted to task-relevant regions, and that salient distractors beyond these regions 

may still be attended. However, Sawaki and Luck used simple shape arrays wherein only a 

handful of highly salient stimuli were present and competing for attention. Thus, it is still unclear 

whether spatially irrelevant distractors are similarly processed in the context of complex scenes, 

where target-knowledge guides attention (Castelhano & Pereira, 2018; Pereira & Castelhano, 

2018).  

Together, the P1, N2pc, and PD components may provide a window into the specific 

mechanisms (enhancement and suppression) that underlie attentional distributions in scenes 

during search. Here, we use them to assess how attentional deployment varies depending on 

spatial relevance: specifically, the spatial relevance of distractor placement. While past research 

has investigated this question, the present study is the first (to our knowledge) to do using ERP 

analysis in the context of visual search through real-world scenes, which allows us to more fully 

assess attentional mechanisms rather than being restricted to overt behaviour.  

 

Present Study 

 In the present study, we investigated how spatial relevance influences attentional 

deployment through real-world scenes during visual search. To do so, we used the P1, N2pc, and 

PD ERP components to assess the extent of distractor processing depending on spatial relevance.  

We examined whether information processing is enhanced within spatially relevant regions, as 

well as whether information processing is suppressed within spatially irrelevant regions. These 

two possibilities are not mutually exclusive.  

 Our participants engaged in one of two possible visual search tasks. Half were assigned 

to the object search condition, which was designed to assess the effect of spatial relevance. In it, 



 

9 

 

participants could make use of target knowledge to determine which scene regions were most 

likely to be spatially relevant, which in turn should influence how attention was deployed. A 

separate group of participants took part in the letter search condition, which served as a control. 

Given that letters have no associations with scene context and are equally likely to be found 

across scene regions, we did not expect participants in the letter search condition to preferentially 

allocate their attention to specific scene regions. 

 To examine where and how attention is deployed across each of these search tasks, we 

introduced abrupt-onset distractors on a subset of trials. These distractors were real-world objects 

that appeared within the scene midway through scene viewing (as in Pereira & Castelhano, 2018). 

Abrupt-onsets are a useful tool for assessing attentional distributions in search through real-world 

scenes. Observers have also been shown to reflexively saccade towards them, and they are fixated 

more often than chance would predict in the context of free-viewing (passive observation; Irwin, 

Colcombe, Kramer, & Hahn, 2000; Brockmole & Henderson, 2005). Furthermore, Brockmole 

and Henderson (2005) found that fixation likelihoods were similar among free-viewing observers 

and observers who were specifically tasked with searching for abrupt onsets. Due to the salience 

of these distractor stimuli, responses to them provide strong indications of where attention is 

deployed at the time of their onset. If a distractor does not influence an observer`s behaviour 

during search, it suggests that attention was preferentially allocated elsewhere. Neural recordings 

time-locked to distractor onset can reveal whether distractors were enhanced, unattended, or 

actively suppressed.  

Within the object search condition, we expected attentional distributions to differ 

depending on whether these distractors appeared within spatially-relevant or spatially-irrelevant 

scene regions. We hypothesized that participants would preferentially attend to the spatially-

relevant scene region, and were interested in whether this would stem from enhanced processing 

within it, or suppressed processing beyond it.  
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Hypotheses 

 P1 Amplitudes. Within the object-search condition, we hypothesized that P1 amplitudes 

would be greater in response to spatially relevant distractors than in distractor-absent (control) 

scenes (in accordance with Van Voorhis and Hillyard (1977)), and that there would be no P1 

amplitude differences between spatially irrelevant distractors and control scenes. This would 

indicate that attention was preferentially allocated towards spatially relevant regions, as reported 

by Pereira and Castelhano (2018). We did not expect to see P1 suppression relative to control 

scenes in either distractor condition. If P1 suppression does reflect re-orientation, as hypothesized 

by Luck et al. (1994), suppression in the spatially relevant condition would indicate that 

participants were not attending to spatially relevant scene regions at the time of onset. Similarly, 

suppression in the spatially irrelevant distractor condition would indicate that participants were 

re-orienting their attention towards onsetting distractors (which would be surprising, given that 

objects in irrelevant-regions are unlikely to be the target and thus should not be preferentially 

attended).  

 In the letter search condition, we hypothesized that all distractors (regardless of 

relevance) would yield higher P1 amplitudes than would control scenes. This would suggest that 

in absence of meaningful information generated by scene context, participants were distributing 

their attentional resources across the full scene and were thus equally likely to attend to all 

onsetting distractors. As above, we did not expect to see P1 suppression. Given that all distractors 

took the form of real-world objects, and that participants were searching for letters, there would 

be no benefit in actively re-orienting towards distractors regardless of scene region.  

N2pc and PD Amplitudes. In the object search condition, we similarly expect to see 

differences in N2pc and PD amplitudes depending on distractor placement. If spatially relevant 

distractors are more likely to capture attention, they should elicit larger N2pc amplitudes than 
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control (distractor-free) scenes, which would indicate attentional enhancement in spatially 

relevant regions. If spatially irrelevant distractors are more strongly suppressed, they should elicit 

larger PD amplitudes than spatially relevant distractors, in absence of a full N2pc.  

Given that participants are not likely to systematically restrict their search to particular 

scene regions in the letter control condition, we expect to see no differences in either N2pc or PD 

amplitudes as a function of distractor placement. Rather, as above, we anticipate that all 

distractors should be attended equally: if participants are not attending to specific surface regions, 

they may instead be distributing their attention across the scene at large. Thus, we hypothesize 

that both spatially relevant and spatially irrelevant distractors will elicit larger N2pc amplitudes 

than distractor-free scenes, but will not significantly differ from one another.  
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Chapter 2 

Method 

Participants 

Forty-eight Queen’s University undergraduates participated in this research, all with 

either normal or corrected-to-normal vision. All participants gave informed consent and received 

either $10/hour or course credit. Sample size was determined using an a priori power calculation 

in G*Power (Faul, Erdfelder, Lang, & Buchner, 2007) based effect size of N2pc and PD 

amplitudes in previous studies examining object arrays (Mazza, Turatto, & Caramazza, 2009; 

Sawaki & Luck, 2010). The sample size calculation was designed to detect a moderate effect size 

(η2 =.4) with 95% power at α = .05. 

Stimuli & Apparatus 

Stimuli. We used 240 full-colour photographic images of real-world indoor scenes, 

which were displayed on a 24” monitor at a resolution of 1024x768 px. Each scene was presented 

at a 800x600px resolution (surrounded by grey borders) and subtended a visual angle of 53.13° x 

82.37°. We assigned each scene a target object that was more likely to be found within one scene 

region than within others (see Figure 1). One hundred and twenty scenes were target-present, 

meaning that the target participants were asked to search for was visible within the scene. The 

remaining 120 scenes were target-absent. Target condition was fully counterbalanced across 

stimuli. 
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Figure 1. A) Sample search scene. The target object (mixer) is circled in red for illustrative 

purposes. B) Search scene with spatially relevant region highlighted in yellow, and spatially 

irrelevant regions in grey. Relevant distractors appeared contralateral to the target within the 

highlighted yellow region; irrelevant distractors could appear contralateral to the target within 

either grey region.  

 

Participants in the letter-search condition searched through the same 240 scenes 

described above, but all target objects were digitally removed using Adobe Photoshop CS5 and 

replaced by a grey letter ‘X’ (size 11, Times New Roman font, subtending a visual angle of 1.10° 

by .95°). As in the object-search condition, 50% of trials were target-present (containing the 

letter) and 50% were target-absent (not containing the letter). Notably, from the participants’ 

perspective, this ‘X’ was equally likely to be found at any position within the scene; thus, we did 

not expect participants to systematically focus their attention on any particular scene region.  

Within both the object and letter search conditions, stimuli were further divided 

according to distractor-content, with distractor-condition fully counterbalanced. One hundred and 

twenty images were distractor-free control images, which were incorporated to prevent 

participants from habituating to frequent distractor onsets. The remaining 120 were assigned one 

of two possible distractor objects: (1) a spatially relevant distractor, located in the same horizontal 

scene region as the target, and (2) a spatially irrelevant distractor, located outside of this boundary 
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(see Figure 2). Physical target-distractor distance was equivalent within each image across both 

conditions (to within 1 degree of visual angle), as was physical distance between each distractor 

and the central fixation cross.  

 

    

Figure 2. Sample distractor conditions across a target-present stimulus. For illustrative purposes, 

target regions are highlighted in red and distractor regions are highlighted in blue. Target letters 

are not drawn to scale. 

 To minimize any influence of low-level scene features on neural responding post-onset, 

we preceded each scene with a Simoncelli mask (Schwartz & Simoncelli, 2001). Simoncelli 

masks are linear scene decompositions designed to preserve global image colours and textures in 

absence of meaningful scene content. We generated these masks using the textureSynth script for 

Matlab (obtained from Portilla & Simoncelli, 2000). 

EEG. EEG was recorded continuously from 128 Ag-AgCl scalp electrodes using 

modified 10-20 system positioning and a Geodesic Hydrocel sensor net, with two horizontal 

channels in place to monitor eye blinks and saccades. Signals were recorded at 1000Hz. 
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Electrodes were seated and impedances were brought below 40 kΩ prior to beginning the 

experiment. We monitored electrodes throughout recording and re-wetted them as necessary.  

 

Procedure 

 Participants were unrestrained and seated approximately 30.48 cm from the monitor; 

they were asked to search for targets across a series of real-world scenes. Each trial began with a 

red fixation cross appearing at the centre of the screen, situated atop the scene`s corresponding 

Simoncelli mask (see Figure 3). So long as this cross was present, participants were asked to 

remain fixated on it and to avoid blinking in order to maintain artifact-free recordings. In the 

object search group, the target word appeared 100 pixels above the cross after a 50 ms delay. The 

word was visible for 2000 ms, after which it disappeared while the cross and mask remained. The 

cross remained on screen for a further 100ms, after which the search scene appeared behind it. In 

the letter search condition, the initial fixation cross remained onscreen for 100ms, following 

which the full scene appeared behind it.  
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Figure 3. Sample target-present and distractor-present trials across both the object search (A) and 

letter search (B) conditions. Participants in both conditions were instructed to remain fixated on 

the cross at until it changed to green. Target words and letters are not to scale.  
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On distractor-present trials, the distractor appeared within the scene an average of 

1000ms post-scene onset, with 500ms of jitter to either side. This jitter was introduced to impede 

onset predictability, which prevented participants from habituating to a fixed onset time. On 

distractor-absent trials, the search scene was replaced by an identical scene at the time of 

distractor onset; thus, it appeared static from the participant’s perspective. After the full scene 

was visible for an additional 1000ms, the fixation cross changed from red to green. At this point, 

participants were allowed to move their eyes in search of the target and blink freely. Each scene 

then remained on screen either for 20 seconds, or until participants indicated their response. 

Participants were instructed to press the ‘1’ key on the keyboard if the target was present within 

the scene, and the ‘2’ key if it was absent. Reaction times and accuracy rates were recorded. 

Participants pressed the ‘space’ key in between trials to trigger the onset of the next; they were 

encouraged to rest between trials as desired. The experiment took approximately 1 hour to 

complete.  
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Chapter 3 

Results 

Behavioural Measures 

 Average accuracies and reaction times are displayed in Figure 4. Overall accuracy was 

low: the object search group had an average accuracy of 78.2% (87.7% on target absent trials, and 

68.2% on target present trials), and letter search group had an average accuracy of 66.8% (82.9% 

on target absent trials; 51.0% on target present trials). We submitted these measures to a 2x2 

mixed-model ANOVA with search condition as a between-subjects factor, and target presence as 

a within-subjects factor. Accuracy was significantly lower within the letter search condition, F(1, 

41) = 21.13, p < .001, η2 = .34, as well as on target present trials, F(1, 41) = 41.64, p < .001, η2 = 

.50, suggesting that participants were biased to report target absence. There was no interaction. 
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Figure 4. Average accuracy (A) and reaction time (B) as a function of search condition and target 

presence. Error bars represent one standard error. The red line in A represents chance 

performance (50%).  

 

 We ran a second 2x2 mixed-model ANOVA to assess differences in reaction times. As 

above, reaction times were significantly longer in the letter search condition than in the object 

condition, F(1, 41) = 50.29, p < .001, η2 = .55; however, there was no effect of target presence 

and no interaction, Fs(1, 41) < 0.03, ps < .873, η2s < .001. 

The differences in reaction time across search conditions are not entirely unexpected. 

Participants in the letter search condition would not have been able to use scene context to narrow 
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down likely target locations, and thus were engaging in more exhaustive search. However, the 

fact that these differences were significant, in conjunction with the significant differences in 

accuracy across search conditions, demonstrates that the difficulty of the object and letter search 

tasks was not equivalent and that letter searches were more difficult. This may have influenced 

which strategies were used by participants within each search group, as well as how stimuli were 

processed. Notably, accuracy within the object search group was also surprisingly low (78% 

overall). Moreover, there were no reaction time differences between target-present and target-

absent trials, which suggests that participants were not engaging in exhaustive search. In 

conjunction with the bias to report target absence reflected in accuracy scores, these findings 

suggest that participants were not fully engaged in either search task. This pattern of results is 

echoed in the ERP data, and its implications are described in more depth in the general 

discussion.  

 

ERP Data 

EEG Analysis and Data Cleaning. We ran the raw EEG signals through a 20Hz digital 

low-pass filter to remove muscular artifacts and environmental noise, then identified bad channels 

by visual inspection and interpolated them using a NetStation spherical spline (EGI, Eugene, 

OR). We segmented the data into 600ms epochs beginning 100ms prior to distractor onset and 

extending 500ms beyond it. We searched for artifacts (blinks, eye movements) within each 

segment using NetStation detection algorithms (EGI, Eugene, OR), and confirmed them via 

visual inspection before removing them from further analyses. The remaining ERPs were 

averaged within each spatial relevance condition (spatially relevant vs. spatially irrelevant 

distractor onset) and each participant; distractor-absent scenes were excluded from analysis.  

A significant amount of data was lost in the process of artifact detection, primarily due to 

blinks and eye movements. Participants who retained fewer than 20 trials per cell were excluded 
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from further analyses, given that their data was likely to largely reflect noise.  In total, we 

retained 79.17% (19 of 24) participants in the object search condition, and 50% (12 of 24) 

participants in the letter search condition. Of the participants we retained, we removed and 

interpolated an average of 10.51 channels (6.94 in the object search condition, and 14.08 in the 

letter search condition). During the process of artifact detection, we flagged an average of 9.69 

trials due to eye blinks (7.75 in the object search condition; 11.62 in the letter search condition) 

and 25.09 trials due to eye movements (7.44 trials in the object search condition; 25.09 trials in 

the letter search condition).  

Our resultant waveforms reflect an average of 42.40 trials per cell in the object search 

condition (representing 70.33% of all possible trials per cell), and 36.64 trials per cell in the letter 

search condition (representing 61.07% of all possible trials per cell). The relatively low number 

of retained trials is likely to introduce noise in the recordings, meaning that the resultant ERPs 

must be interpreted with caution. This is also a substantial reduction in power, the implications of 

which are described further in the general discussion.  Notably, both participant attrition and trial 

loss were greater in the letter search than in the object search condition. This may stem from the 

fact that the letter search condition was more difficult overall, as reflected in the accuracy scores. 

Participants could have adopted alternative strategies to speed up search (for example, saccading 

away from the central cross before it turned green, or taking few breaks between trials and 

increasing the likelihood of blinking while a trial was in progress). 

The averaged waveforms with each remaining participant were re-referenced to the 

average reference, and then baseline corrected against the 100ms pre-stimulus period (in 

accordance in Mangardich & Sabbagh, 2018). We then computed grand average waveforms 

across each search group (object search vs. letter search). Notably, the majority of our sensors 

depicted periodic noise oscillating at roughly 16-18 Hz, which would not have been filtered by 

our 20Hz low pass; see Figure 4 for examples from two occipital electrodes (O1 and O2). The 
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source of this noise is unclear. While the frequency aligns with beta wave activity (reflecting 

general alertness and attention), the amplitude is low: beta waves typically oscillate between 

roughly 5 and 10µV, whereas our signal amplitudes are closer to 2µV. Moreover, the jitter 

associated with distractor onsets in our paradigm should obscure any coherent beta wave activity 

within the averaged waveforms. 

 

 

Figure 5. Sample grand average waveforms from two occipital electrodes (O1 and O2) within the 

object and letter search conditions. Data is filtered through a 20Hz low pass filter; ~15Hz 

oscillations are visible across the full window.  
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To remove this noise, we re-processed the full dataset using a 15Hz low pass filter. All 

other pre-processing steps remained constant. Resultant grand averages from the letter search 

condition are depicted in Figure 6, and grand averages from the object search condition are 

depicted in Figure 7. Some periodic, low amplitude noise is still visible within many of the 

recordings, oscillating at roughly 10hz. This may reflect perceptual “echoes” facilitated by scene 

or distractor onset. Such activity has commonly been observed in response to periodic visual 

stimuli, and can persist even after stimulus presentation has ceased (Spaak, de Lange, & Jensen, 

2014; VanRullen & Macdonald, 2012). Similar activity in response singular stimulus 

presentations has also been observed in early recordings from sensory pathways (e.g., Adrian, 

1941). It is possible that this activity may have arisen in our waveforms as a direct response to 

distractor onset. Particularly given the relatively low amplitudes, this activity would likely have 

been obscured if other discernable ERPs had been present. Importantly, re-filtering below 10hz 

would interfere with processing of our target ERP components, which are within the 8-12Hz 

frequency range (Woodman, 2010). While these oscillations are visible in our data, their 

amplitudes are very low and thus their overall impact on interpretability is negligible. 
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Figure 6. A) Waveforms amplitudes for spatially relevant and spatially irrelevant distractor 

onsets within the object search condition. Waveforms depict the 600ms period surrounding onset; 

the distractor appeared at the 100 ms mark. B) Magnified time courses for two occipital 

electrodes (O1 and O2) as a function of spatial relevance. C) Topographical maps depicting 

amplitude changes across the 400ms window following distractor onset.  
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Figure 7. A) Waveforms amplitudes for spatially relevant and spatially irrelevant distractor 

onsets within the letter search condition. Waveforms depict the 600ms period surrounding onset; 

the distractor appeared at the 100 ms mark. B) Magnified time courses for two occipital 

electrodes (O1 and O2) as a function of spatial relevance. C) Topographical maps depicting 

amplitude changes across the 400ms window following distractor onset.  
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Across both the object and letter search conditions, occipital recordings do not display 

evidence of distinct P1 or N2pc, or PD ERP components (see Figures 6b and 7b). Due to both the 

noise and the absence of discernible ERPs in our grand average waveforms, we cannot 

confidently perform statistical amplitude comparisons to assess how spatial relevance impacted 

attentional distributions during search. However, visual examination of the topographic maps (see 

Figures 5c and 6c) does provide some indication of coherent activity patterns within each search 

condition. It is important to stress that all of the interpretations that follow are speculative: they 

must be replicated at full power and distinct ERP components must be observed in the waveforms 

before conclusions are drawn.  

The object search data is relatively flat across the full 500ms window following distractor 

onset; however, there is some frontal positivity arising roughly 100ms post-onset and 

strengthening towards the end of the interval. This distribution is broadly characteristic of a P2, 

which has been linked to object identification and target confirmation in the context of visual 

search (Phillips & Takeda, 2009), followed by a P3a, a subcomponent of the P300 which is 

maximal along frontal electrodes and has been observed in response to passive viewing of 

distractor onsets (Jeon & Polich, 2001). Such activity may support that distractor stimuli did 

capture attention and were classified as potential targets; however, these patterns are restricted to 

a small number of frontal electrodes and our external to our hypotheses; thus, they will not be 

further interpreted here. It is worth noting that the observed positivity is somewhat more 

pronounced in the spatially-irrelevant distractor condition than in the spatially-relevant condition. 

This would be counter to our hypotheses if it does in fact reflect capture: we had expected 

spatially relevant distractors to facilitate stronger capture as a function of their positioning. 

However, we cannot statistically assess these effects, and this difference may not be significant.  

The letter search data displays the opposite pattern. A posterior positivity is apparent 

300ms post-onset, accompanied by anterior negativity. The positivity in occipital electrodes could 
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reflect a late PD, suggesting distractor suppression. The fact that this arises in letter but not object 

search may reflect that distractors were more clearly task-irrelevant in the former condition, 

taking the form of real-world objects that were perceptually distinct from letter targets. It may 

have been advantageous to actively suppress these onsets, allowing participants to focus their 

attentional resources on more probable target stimuli. Conversely, the frontal negativity may 

reflect some element of contingent negative variation (CNV). CNV is an ERP component 

associated with expectancy among paired stimuli. It arises when participants are expecting a 

stimulus change, typically one requiring a motor response (McCallum & Walter, 1968; Tecce, 

1972). While CNV is generally maximal at the vertex, some authors have found evidence for a 

more frontal distribution (e.g., Hamano et al., 1997; Vazquez-Marrufo et al., 2014).  In our 

paradigm, participants were allowed to engage in active search 500ms post-distractor onset. 

While we did introduce jitter around distractor onsets, there was no jitter surrounding active 

search onsets. Thus, the frontal negativity observed here may support that participants were 

anticipating the onset of the green cross and the ability to engage in active search.  

Importantly for our research question, the broad patterns of activation elicited by spatially 

relevant and spatially irrelevant distractors do not seem to differ meaningfully from one another 

within either search task. This in turn implies that attentional distributions were not influenced by 

the spatial relevance of distractor positioning. This would be intuitive within the letter search 

condition, wherein the context did not constrain target locations and attention should not have 

been preferentially allocated to specific scene regions.  However, the patterns within the object 

search condition would be at odds with past eye movement literature, which has demonstrated 

that spatially relevant regions are more likely to be attended (Castelhano & Pereira, 2018; Pereira 

& Castelhano, 2018). Thus, the results are more likely to stem from the limitations of our 

paradigm than reflect the true nature of attentional deployment during visual search.  
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As reflected in the ERP data as well as the accuracy scores, overall task engagement was 

low. To assess how task motivation may have impacted ERP signals, we computed an additional 

grand average waveform comprised solely of eight participants within the object search 

condition, all of whom achieved accuracies above 80% and retained more than 20 trials per cell. 

Although this sample is small, it provides some exploratory data regarding how distractors may 

have been processed among participants who were actively engaged in the search task. Grand 

average waveforms and topography maps are displayed in Figure 8. 
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Figure 8. ERP data across a subgroup of 8 participants within the object search condition; all 

participants scored > 80% accuracy on the search task and retained > 20 trials per cell. A) 

Waveforms amplitudes for spatially relevant and spatially irrelevant distractor onsets. Waveforms 

depict the 600ms period surrounding onset; the distractor appeared at the 100 ms mark. B) 

Magnified time courses for two occipital electrodes (O1 and O2) as a function of spatial 

relevance. C) Topographical maps depicting amplitude changes across the 400ms window 

following distractor onset.  
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As above, these participants show little evidence of the P1, N2pc, or PD ERP components 

in individual waveforms, and amplitudes are low overall. Although the topography maps are 

difficult to interpret due to the low sample size, there is some evidence of same frontal positivity 

described above within the full object search sample. This positivity begins roughly 100ms post-

distractor onset and strengthens across the full window; as in the full object search sample, this 

may again reflect a P200 followed by a P3a, each of which could signal attentional to distractors. 

However, this activity is once again restricted to relatively few electrodes, and related 

components such as the P1 and the N2pc are not observable here. These differences will not be 

further interpreted at this time, though future studies could explore how P2 and P3 amplitudes 

may vary as a function of spatial relevance. As above, this activity seems to be more pronounced 

in response to spatially-irrelevant distractors: this would be an unexpected finding, but must be 

statistically assessed before conclusions are drawn. The broad patterns of activation are similar 

across both relevance conditions, in spite of the fact that amplitudes do differ. 
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Chapter 4 

Discussion 

The aim of the present study was to examine how the spatial relevance of scene context 

influences attentional deployment during visual search. To do so, we aimed to assess the effect of 

distractor placement on processing, as indexed by the N2pc, PD, and P1 ERP components. In 

order to assess the effects of spatial relevance, we examined the impact of distractor placement 

across two search conditions: object search, wherein participants could use knowledge of objects 

and scenes to attend to the scene region most likely to contain the target, and letter search, 

wherein target coordinates were not predicted based on scene context. We hypothesized that if 

attention was enhanced within spatially relevant regions, spatially relevant distractors would elicit 

larger P1 and N2pc amplitudes than distractor-absent stimuli within the object search condition. 

In addition, if spatially irrelevant regions were actively suppressed, we expected to see larger PD
 

amplitudes for spatially irrelevant distractors than for distractor-absent stimuli. We did not expect 

to see any amplitude differences within the letter search condition, given that there would be no 

benefit to systematically allocating attention to specific scene regions when targets were equally 

likely to be found anywhere within a scene. 

ERP Results and Implications for Attentional Deployment  

 Due to the lack of discernable ERP components in individual waveforms, we were unable 

to perform statistical analyses on ERP signals; as such, we cannot determine whether attentional 

deployment significantly differed as a function of spatial relevance. Overall, our grand average 

channel spectra and topography maps suggest that distractor processing did vary between the 

object and letter search tasks, as predicted. The object search condition was broadly characterized 

by anterior positivity within the P2 and P3 latency ranges (though restricted to relatively few 

electrodes), while the letter search condition evoked posterior positivity in roughly the same 
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windows. These differences may reflect the presence of weak P2, and P3a components in the 

object search condition, as well as a PD in the letter search condition; however, these components 

were not distinctly represented in individual waveforms, and the broad activation patterns must be 

interpreted with caution. The presence of P2 and P3a components in the object search condition 

would suggest that distractor stimuli were actively capturing attention such that they may have 

been classified as potential targets, whereas the presence of a PD in the letter search data would 

imply that distractors were being actively suppressed. These differential processing strategies 

would be parsimonious given the nature of each search task. In the letter search condition, the 

onsetting distractor objects were categorically dissimilar to the letter targets, and were thus 

clearly task-irrelevant. Participants may have benefitted from suppressing their onsets, enabling 

them to focus their attentional resources on more relevant stimuli. Conversely, participants in the 

object search condition may have been more likely to attend to distractors and consider them as 

potential targets, given that their search targets were also real-world objects. 

In the letter search condition, there is no evidence to support that distractor processing 

differed as a function of spatial relevance. This is in line with our hypotheses, which suggested 

that since letter locations were unpredictable, participants should not preferentially attend to 

specific regions. Interestingly, the positivity within the object search condition was more visible 

in response to spatially irrelevant distractors. If this positivity does reflect the presence of a P2 

and a P3a, this difference would be surprising. We had hypothesized that spatially relevant 

distractors would be more likely to capture attention, given that they were more plausible as 

potential targets due to their positioning. Since we were unable to statistically assess these 

differences, it is possible that they are not significant. This would indicate that distractors were 

equally likely to capture attention across all scene regions: again, this would be unexpected given 

past eye movement data (Castelhano & Pereira, 2018; Pereira & Castelhano, 2018), but may be a 

function of the low power in our study. Conversely, if spatially irrelevant distractors were 
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significantly more likely to capture attention than spatially relevant distractors, this may suggest 

that distractor salience was unevenly balanced across conditions such that irrelevant distractors 

were on average more salient than relevant distractors. Alternatively, a significant difference 

could reflect some real, unexpected element of attentional deployment during search, such that 

unexpected events in irrelevant regions are more likely to capture attention. These differences 

must be replicated at full power and statistically assessed before they are fully interpreted.  

The topographical maps also suggest the possible presence CNV in the letter search 

condition, implying that participants were anticipating the ability to perform active search. This 

conclusion is speculative and is not consistently reflected across the full dataset; however, future 

paradigms should incorporate jitter surrounding active search onsets in order to reduce any noise 

due to CNV as well as to encourage participants to attend more fully across trials, rather than 

anticipating specific events.  

It is important to reinforce that because we were unable to confidently perform statistical 

comparisons on our ERP data, the above interpretations are speculative. Overall, waveforms were 

relatively static and amplitudes were low: this is likely the result of low task engagement and is 

echoed within our behavioural data.  

Task Engagement 

 As demonstrated by our behavioural data (reaction times and accuracy rates), task 

engagement was poor. Accuracies were lower than expected (78.2% in the object search 

condition and 66.8% in the letter search condition); moreover, participants were significantly less 

accurate on target present trials than on target absent trials, suggesting a bias to report absence 

that in turn implies that their search was not exhaustive. These patterns may explain the lack of 

fluctuation in our EEG signals. If participants were not attending to the scene or attempting to 

search for targets at the time of distractor onset, we would expect to observe noise (averaging out 
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close to 0 µV) rather than task-related ERP components: indeed, this is broadly reflected in our 

data.  

Based on this pattern of results, it is arguable that task motivation was the primary factor 

that impaired our ability to assess distractor response. Future studies could improve motivation in 

several ways. Firstly, experimenter-enforced rest periods could be incorporated in an effort to 

reduce participant fatigue. In our design, participants selected their own rest periods: they were 

instructed to manually progress between trials (using the space bar) when they felt ready to do so, 

and were encouraged to pause between trials as desired. We structured breaks this way in hopes 

of minimizing trial loss due to artifacts such as blinks or eye movements, giving participants time 

to prepare for onsetting scenes as needed. In practice, the high number of trials may have 

contributed to fatigue and reluctance to rest between trials. Future studies should incorporate 

experimenter-enforced rest periods at set intervals during which participants are encouraged to 

disengage from the screen.  

 A second means of improving task motivation could be by introducing accuracy-

dependent feedback or rewards. Participants may be more invested in thoroughly searching for 

targets if they are aware of their own performance (i.e., given feedback on whether responses are 

correct or incorrect), or if they have the opportunity for additional compensation on the basis of 

performance. In combination with mandatory rest periods, this strategy could improve overall 

search accuracies: however, it is important to also note in our sample, even participants with 

relatively high accuracies in the object search condition did not show any evidence of consistent 

P1, N2pc, or PD components surrounding distractor onset. This suggests that while they were 

engaged in the overall task, they were still not actively attending to stimuli during distractor 

onset. This may be a function of trial structure. In our paradigm, participants were asked to fixate 

at the centre of the screen while the search scene appeared, followed by the distractor. It was not 

until 500 ms post-distractor onset that participants were able to move their eyes and engage in 
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active visual search. Particularly given the difficulty of the task (targets were designed to be 

difficult to locate prior to active visual search), it is very possible that participants did not see any 

benefit to attempting to locate the target before being allowed to saccade away from the central 

cross, and thus were not attending to the scene at large.  

To correct for the lack of motivation to attend to the scene in advance of active search, 

future studies could incorporate one of four possible changes to the paradigm structure. Firstly, 

providing participants with incentives on the basis of reaction time performance (in addition to 

accuracy) could encourage them to attempt to locate targets immediately following scene onset, 

in an effort to facilitate subsequent search. Secondly, additional trials could be incorporated at set 

intervals throughout the experiment in which targets were large and located close to the central 

cross, designed to be easily detectable prior to active search. Such trials would not be analyzed 

due to their unbalanced difficulty, but the ability to locate some targets at this early interval may 

encourage participants to attend to later scenes even before being allowed to actively search 

through them. Thirdly, future paradigms could omit the ability to make eye movements during 

search entirely. If participants were required to respond immediately following the end of the 500 

ms interval post-distractor onset, rather than after searching through the full scene, they may be 

more motivated to attend to the scene at early time points. Notably, this would also substantially 

reduce trial length, and thus may reduce participant fatigue. Task difficulty could be adjusted via 

thorough pilot testing if eye movement-led search were omitted. Finally, future paradigms should 

jitter the onset of the green cross (signaling the start of active search) in addition to the onset of 

the distractor. In the present study, the green cross always appeared 500 ms after the distractor. 

This may lead to expectancy effects, some of which appear to be visible in our data: while not 

empirically testable, our waveforms across the letter search task do display some frontal 

negativity that may be related to CNV. In addition to introducing experimentally-irrelevant noise 

within the distractor onset window, the predictable green cross onsets may discourage 
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participants from attending to the scene until they know that the time window for active search is 

approaching. Jittering these onsets could encourage attention throughout the trial, given that 

responding to them quickly would facilitate less time-consuming search.  

  

Distractor Salience 

 The distractor manipulation in our paradigm was fairly subtle. All distractors took the 

form of real-world objects, onsetting within otherwise cluttered scenes far from the fixation cross. 

Future research should adjust this manipulation, making distractors more readily apparent in an 

effort to maximize the likelihood of distractor processing and the influence of spatial relevance. 

One method of achieving this may be to use salient simple shapes or high-contrast Gabor patches 

as distractors rather than real-world objects. In eye movement research, distractors which are 

clearly task-irrelevant (e.g., simple shapes which onset in search for real-world targets) typically 

fail to capture attention (e.g., Bacon & Egeth, 1994). Evidence is mixed as to whether these same 

patterns are reflected in early-stage ERP components. The P1 and the N2pc are believed to be at 

least somewhat sensitive to featural task-relevance in search through object arrays (Sawaki & 

Luck, 2010; Taylor, 2002); however, some authors have argued that they are not (Hillyard & 

Anllo-Vento, 1998). Interestingly, components such as the PD have been shown to arise even in 

response to task-irrelevant stimuli which fail to elicit the full N2pc (Sawaki & Luck, 2010). To 

our knowledge, the influence of task-irrelevant distractor features on ERP amplitudes has not 

been tested in the context of search throughout real-world scenes. Given that real-world scenes 

are more cluttered than visual arrays and typically require more intensive processing, they may 

yield different response patterns than simple object arrays. Future research could explore whether 

simple, visually salient distractors might yield stronger neural responding and thus enable better 

exploration of the effects of spatial relevance.  
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Conclusions 

 Ultimately, our ERP data do not allow us to draw any firm conclusions regarding how 

spatial relevance influences attentional deployment during search. However, our topographic 

maps suggest that stimulus processing did differ across the object and letter search conditions, 

such that distractors may have been more likely to be attended in the former and more likely to be 

actively suppressed in the latter. This is likely a function of task-relevance: distractors which are 

plausible targets seem to be attended, whereas distractors which are not seem to be suppressed. 

We found little evidence suggesting that spatially relevant and spatially irrelevant distractors 

differed from one another in the letter search condition. This is intuitive, given that letters are not 

more probable within specific scene regions, and thus all scene regions should be equivalently  

processed. In the object search condition, anterior positivity – possibly reflecting attentional 

capture in the P2 and P3 latency ranges – was most visibly prominent in response to spatially 

irrelevant distractors. This is surprising, since these distractors were less likely to be potential 

targets and we had thus expected fewer resources to be allocated to them. However, these 

interpretations are speculative and must be replicated with high powered statistical comparisons 

before conclusions are drawn.  

In conjunction with the low amplitude ERP data, the low accuracies we obtained in both 

the object and letter search conditions suggest that our null results stem from a lack of attention 

during distractor-onset as well as low task motivation overall. Future paradigms designed to 

explore similar questions should attempt to bolster participant motivation and reduce 

experimental fatigue by incorporating mandatory rest periods, providing feedback on accuracies 

and reaction times, and modifying trial structure such that participants are encouraged to attend to 

the scene prior to engaging in active visual search. Additionally, distractor characteristics should 

be altered to maximize saliency and neural responding in turn. Although we were unable to assess 

the mechanisms underlying attentional deployment in this study, ERP research is a promising 
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avenue for exploring how spatial relevance influences attention during visual search in future 

research designs. 
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