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Abstract 

Growing evidence indicates that visual search is influenced not only by perceptual but 

also by semantic information. Among such semantic influences, categorical effects 

have been extensively studied. By contrast, the influence of contextual associations, 

that is, how objects commonly co-occur within specific scene contexts, remains less 

understood. Here, we orthogonally manipulated contextual and categorical 

relationships between target and distractor objects in a visual search task, while 

controlling for perceptual target–distractor similarity. By applying linear regression 

analyses, we modelled behavioral responses and event-related potentials (ERPs) from 

contextual, categorical, and perceptual target-distractor similarity. We found that 

contextual associations guide attention independently during early processing 

(modulating the N1pc ERP component), subsequently interact with categorical 

information (modulating the N2pc), and ultimately shape behavioral search 

performance jointly with perceptual and categorical similarity. These findings 

demonstrate that contextual object associations influence visual search across multiple 

processing stages, thereby supporting attentional guidance in everyday visual tasks. 

Keywords: object semantics, guided search, attentional allocation, EEG 
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Introduction 

Visual search is a critical task during everyday life. When you have breakfast, for 

instance, you might look for a spoon to eat your morning cereal. Finding a spoon among 

other pieces of cutlery in a drawer often takes longer than locating it on the kitchen 

counter, since all cutlery shares similar perceptual features (e.g., silver color, elongated 

shape). Many studies indeed show that search performance systematically declines as 

perceptual similarity between targets and distractors increases (Duncan & Humphreys, 

1989; Proulx & Egeth, 2006; Alexander & Zelinsky, 2012; Barras & Kerzel, 2017; Yeh 

et al., 2019). Theories of visual search suggest that such effects are mediated by search 

templates that bias visual processing and guide attention toward likely target features 

(Duncan & Humphreys, 1989; Desimone & Duncan, 1995; Wolfe, 1994, 2007, 2021). 

When distractors share features with the template, they divert attention away from the 

target, leading to poorer search performance.  

However, real-world objects are not just defined by perceptual features but also by 

semantic features. Increasing evidence demonstrates that semantic properties also play 

a crucial role in guiding attention and shaping search performance. When targets and 

distractors share category membership (e.g., animacy), search performance is impaired 

(Belke et al., 2008; Telling et al., 2010; Wyble et al., 2013; Seidl-Rathkopf et al., 2015; 

Yeh & Peelen, 2022; Bahle et al., 2025). Complementing these behavioral effects, EEG 

studies showed that target-distracter similarity in semantic features (particularly object 

category) diminishes the N2pc component, a neural correlate of efficient attentional 

allocation (Telling et al., 2010; Yeh & Peelen, 2022), and that semantically related 

distractors can elicit an N2pc when the target is absent (Nako et al., 2014; Nako, Wu, 

& Eimer, 2014). These findings suggest that object category, like perceptual features, 

guides the allocation of attention during visual search. Yet, categorical and perceptual 

similarities interact hierarchically during search: Attention is initially guided by 

perceptual properties and subsequently by categorical information when perceptual 

cues are insufficient (Yeh & Peelen, 2022). 

Given the focus on category effects, other semantic influences have not been 

studied sufficiently. Object semantics encompasses not only categorical relationships 

but also contextual associations (Mirman et al., 2017; Nah & Geng, 2022). Contextual 

associations reflect the typical co-occurrence of objects within a specific scene context 
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(e.g., cutlery and food commonly appear together in a kitchen). Such contextual 

associations facilitate object recognition when objects appear in predictable scene 

context (see reviews: Bar, 2004; Oliva & Torralba, 2007). Yet, contextual associations 

are also activated automatically during object perception (Biederman, 1972; 

Cornelissen & Võ, 2017; Nah et al., 2021), supported by “context frames” that store 

these associations in memory (Bar, 2004). Recent neuroimaging studies revealed that 

even objects in isolation activate representations of contextually related objects in the 

visual system (Bonner & Epstein, 2021; Yeh et al., 2025). This automatic co-activation 

of contextually related objects prompts the hypothesis that contextual associations 

effectively guide visual search. If this hypothesis is true, it further begs the question of 

whether contextual similarity guides search in similar or different ways compared to 

perceptual and categorical similarity.   

To address these questions, we investigated how contextual, categorical, and 

perceptual similarity independently and in concert influence visual search. We 

orthogonally manipulated the contextual and categorical relationships between targets 

and distractors. We additionally quantified continuous perceptual target-distractor 

similarity for each stimulus pair using an independent same–different task (Jacob & 

Arun, 2020; Yeh & Peelen, 2022; Yeh et al., 2025). We then applied linear regression 

analyses to behavioral responses and EEG data to quantify the effects of contextual, 

categorical, and perceptual similarity, as well as their interactions. To examine how 

contextual associations influence attentional guidance during search, our EEG analyses 

focused on two lateralized components: the N1pc and N2pc. These two components 

emerge approximately 120–200 ms and 200–300 ms after stimulus onset, respectively, 

and over posterior scalp sites. Both are characterized by greater negative amplitudes 

contralateral to the target field compared to the ipsilateral side; a stronger contralateral–

ipsilateral difference reflects greater attentional allocation to the target (Luck & 

Hillyard, 1994; Eimer, 1996; Wascher & Beste, 2010). If contextual associations indeed 

guide attention during visual search, distractors from the same scene context should 

draw attention away from the target, leading to a reduction in N1pc and/or N2pc 

amplitudes as well as poorer search performance. 

General Method 

Participants 
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We conducted two experiments. Experiment 1 was a pilot study, and Experiment 2 was 

the main study.  

In Experiment 1, sixteen healthy volunteers (14 females, 4 males, age = 23.56 ± 

3.52 years) participated. This sample size followed a similar previous study (Yeh & 

Peelen, 2019). 

In Experiment 2, twenty-five healthy volunteers (18 females, 7 males, age = 25.00 

± 3.12 years) participated. One participant did not complete the experiment due to a 

technical problem during EEG-acquisition, resulting in 24 datasets included in the final 

analysis. For this experiment, the required sample size was estimated from a power 

analysis based on the results of Experiment 1. The analysis showed that at least 20 

participants were needed to yield 80 % power to detect the behavioral contextual × 

categorical similarity interaction observed in Experiment 1 (Cohen’s d = 0.59). 

In both experiments, participants were native German speakers and had normal or 

corrected-to-normal vision. They provided written informed consent prior to 

participation and were compensated at a rate of 10 euros per hour. The study was 

approved by the Ethics Committee of Justus Liebig University Giessen and conducted 

in accordance with the 6th revision of the Declaration of Helsinki.  

Stimuli 

We used a set of 24 real-world objects, which were also used in our previous 

neuroimaging study (Yeh et al., 2025). The stimuli stemmed from two contexts (12 

kitchen objects and 12 garden objects) and two categories (12 tools and 12 non-tools). 

These objects were grouped into six sets of four items each, each of which contained 

one object per condition (i.e., 1 kitchen tool, 1 garden tool, 1 kitchen non-tool, and 1 

garden non-tool). Within each set, objects were matched for their overall shape (see Fig. 

1A). There were four exemplars per object, yielding 96 unique stimuli in total. All 

images were converted to grayscale, fitted into an invisible frame of approximately 4° 

× 4° visual angle, and presented on a white background. For an image-based analysis 

of luminance and perceptual similarity, see Yeh et al. (2025). 

Experimental Design and Paradigm 

The visual search experiment employed a 2 (contextual similarity: between, within) X 

.CC-BY-NC 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted December 14, 2025. ; https://doi.org/10.64898/2025.12.12.693961doi: bioRxiv preprint 

https://doi.org/10.64898/2025.12.12.693961
http://creativecommons.org/licenses/by-nc/4.0/


Contextual associations in search 
 

 6 

2 (categorical similarity: between, within) within-subjects factorial design. Each object 

was paired with the other 23 objects, yielding 276 stimulus pairs. In each pair, one 

object served as the target and the other as the distractor. For contextual similarity, pairs 

were drawn from the same context (both kitchen or both garden; within-context) or 

from different contexts (one kitchen, one garden; between-context). For categorical 

similarity, pairs were either both tools or both non-tools (within-category) or a tool and 

a non-tool (between-category). The example pairs for each condition are illustrated in 

Figure 1B. Each condition contained 72 pairs, except the within-context/within-

category condition, which included 60 pairs. 

At the beginning of each trial, a fixation cross appeared at the center of the screen 

for 500 ms to signal trial onset. Next, a target word cue (presented in German) was 

shown for 1000 ms, followed by another 500-ms fixation. A search display containing 

two objects was then presented for 300 ms and subsequently replaced by a blank screen 

for up to 800 ms, during which participants could respond. Their task was to indicate 

the location of the target. Responses were made bimanually, using the index fingers to 

press either the F key for a left-side target or the J key for a right-side target. Target 

locations were fully counterbalanced across trials. The intertrial interval varied 

randomly between 800, 1000, and 1200 ms. The overall procedure is illustrated in 

Figure 1C. 
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Figure 1. Stimulus, design, and task procedure. (A) Stimulus set. 24 objects were 

used in the experiments, selected from two contexts (kitchen and garden) and two 

categories (tool and non-tool). (B) A 2 (contextual similarity: between, within) X 2 

(categorical similarity: between, within) within-subjects factorial design was employed. 

For each target object (e.g., a rolling pin), four types of distractors were presented 

together in a search array.  (C) Visual search task. Participants were instructed to 

search for a predefined target (in German) within a search array and press the button 

corresponding to the target location. The English cue shown here was not presented in 

the actual experiment. The maximum blank response window was 0.8 s, followed by a 

blank intertrial interval that varied randomly between 0.8, 1.0, and 1.2 s. (D) Same-

different task. Participants indicated whether two simultaneously presented objects 

were the same or different.  
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In both experiments, participants first completed a questionnaire to assess their 

knowledge about the 24 selected objects. Here, the (German) words representing all 

objects were presented, and participants were asked whether they knew the object. If a 

participant did not know an object, the experimenter described it to ensure accurate 

identification during the task. After that, participants practiced a block of 12 trials 

showing the four different objects not used in the formal experiment (spoon, mug, sickle, 

birdhouse). During the formal experiment, participants were required to fixate on a 

cross at the center of the screen and respond as quickly and accurately as they could. 

The experiment consisted of 12 blocks, each containing 92 trials, resulting in a total of 

1,104 trials. There were four trials per stimulus pair, and each stimulus appeared as a 

target twice. Accordingly, each condition comprised 288 trials, except for the within-

context/within-category condition, which included 240 trials. Within each block, all 

conditions were represented: 24 trials per condition, except for the within-

context/within-category condition, which had 20 trials (the same object was never 

shown in both locations). Target identity (which stimulus served as the target) and target 

position (left vs. right) were counterbalanced across blocks. Stimulus pairings, 

including the use of different exemplars, were also counterbalanced across blocks. Trial 

order within each block was randomized. Participants could rest between blocks and 

initiate the next block at their own pace. The total duration of the experiment was 

approximately 60 minutes per participant. In Experiment 2, EEG signals were recorded 

while the experiment was performed, and the participants were additionally asked to 

blink only after making a response. 

 After completing the search task, participants filled out a co-occurrence 

questionnaire covering all object pairs, designed to validate the assignment of objects 

to the two contexts. The questionnaire comprised two parts: (1) object–scene co-

occurrence and (2) object–object co-occurrence. In the first part, participants indicated 

the typical context for each object (kitchen or garden). In the second part, they rated, 

on a scale from 0 to 100, how often each object pair co-occurs in daily life and how 

similar their functions are—that is, whether the objects are used in comparable ways 

for similar purposes. Across both experiments, the selected objects were consistently 

rated as being more frequently encountered in their assigned context, and object co-

occurrence was reliably lower in the between-context condition than in the within-

context condition (Between = 5.84, Within = 38.67, t[39] = 15.27, p < .001). 

.CC-BY-NC 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted December 14, 2025. ; https://doi.org/10.64898/2025.12.12.693961doi: bioRxiv preprint 

https://doi.org/10.64898/2025.12.12.693961
http://creativecommons.org/licenses/by-nc/4.0/


Contextual associations in search 
 

 9 

EEG recording and preprocessing 

Electrophysiological data were recorded using an Easycap system with 32 channels and 

a Brain Products amplifier with 1,000 Hz sampling rate. The electrodes included four 

sites in the central line (Fz, Cz, Pz, and Oz) and 14 sites over the left and right 

hemispheres (FP1/FP2, F3/F4, F7/F8, FC1/FC2, FT5/FT6, FT9/FT10, C3/C4, T7/T8, 

CP1/CP2, CP5/CP6, TP9/TP10, P3/P4, P7/P8, and O1/O2). AFz served as the ground 

electrode, and Fz served as a reference electrode. FP1/2 and FT9/10 were remounted to 

vertical and horizontal eye movement recorders and removed from the subsequent EEG 

analysis. The impedance of all the electrodes was kept below 20 kW. Triggers were sent 

from the presentation computer to the EEG computer via a parallel port. 

 Offline EEG data were preprocessed using the Fieldtrip toolbox (Oostenveld et al., 

2011) in MATLAB (MathWorks). No filter was applied during recording and 

preprocessing. EEG data were re-referenced using the average of all electrodes and then 

epoched from -100 to 500 ms relative to stimulus onset. Epochs were baseline-corrected 

using the prestimulus period (from 100 to 0 ms). Epochs containing artifacts (i.e., blinks 

or eye movements) were rejected based on visual inspection. Epochs with incorrect 

responses were also excluded in further analyses. 

Perceptual similarity measurement task 

To disentangle contextual and categorical effects from perceptual effects, an 

independent same-different task (N = 34) was conducted (see Yeh et al., 2025 for 

details). In this task, participants judged whether two simultaneously presented object 

images were identical or different (Figure 1D). RTs from the different-object trials, 

averaged across participants, were used as a continuous index of perceptual similarity, 

with longer RTs reflecting higher similarity (Jacob & Arun, 2020; Yeh & Peelen, 2022).  

Behavioral analyses 

Behavioral data were analyzed using a linear regression model. Both accuracy and 

response times (RTs) were examined, with RT analyses restricted to correct trials. We 

first calculated the percentage of error and RTs from each stimulus pair across all 

exemplars and repeated trials, and constructed two 24-by-24 matrices. Next, to model 

behavioral performance, we constructed three predictor representational similarity 

matrices (RSMs): (1) a contextual RSM, coding whether object pairs originated from 
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the same context (e.g., both kitchen or both garden) or different contexts (one from 

kitchen and one from garden); (2) a categorical RSM, coding whether objects belonged 

to the same category (e.g., both tools or both non-tools) or different categories (one tool 

and one non-tool); and (3) a perceptual RSM, derived from a same–different task (see 

above). The perceptual RSM was based on the group-averaged RT data (with 

perceptually more similar objects resulting in longer RTs). All RSMs were vectorized 

by retaining only the lower off-diagonal values. Behavioral performance vectors were 

then predicted using a linear regression model that included the contextual, categorical, 

and perceptual RSMs along with their interaction terms (Figure 2A). Beta estimates 

from the model were tested against zero using one-tailed one-sample t-tests, and false 

discovery rate (FDR) correction was applied to control for multiple comparisons.  

ERP analyses 

The effect of the N1pc and N2pc components was quantified as the mean voltage within 

a specified latency window among three pairs of posterior electrodes, including P3/4, 

P7/8, and O1/2 (note that PO7/8 were not present in our EEG system). First, we 

examined the peak latency of the N1 and N2 waves across conditions and participants 

and defined 50-ms time windows centered on the peak latency (Luck & Hillyard, 1994). 

Next, we subtracted the amplitude at the ipsilateral side from the contralateral side 

relative to the target location and averaged within the defined time windows for each 

trial. Then, trial-based linear regression model analyses were applied. We fit a linear 

regression model to the z-transformed N1pc/N2pc using z-transformed contextual, 

categorical, and perceptual similarity, and their interactions at the individual-participant 

level (Figure 3B). Finally, we tested beta estimates against zero using one-sample t-

tests at the group level with FDR corrections. 

Result 

Behavioral results  

We conducted linear regression analyses to disentangle contextual, categorical, and 

perceptual similarity effects and their interactions. As no three-way interaction was 

observed, the final models included only the three main effects and their pairwise 

interaction terms. All p-values reported here were adjusted by FDR corrections among 

6 tests (three main effects and three two-way interactions). The analysis approach and 
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behavioral results are shown in Figure 2.  

First, we examined whether results differed across the two experiments using a 

mixed-design analysis of variance (ANOVA) with one between- (Experiment 1 vs. 2) 

and one within-subjects factor (six beta estimates). Type III sum of squares and 

Greenhouse-Geisser adjustment were applied to correct the unbalanced design of the 

between-subjects factor and the violation of sphericity. No between-subject effect or 

interaction was found for either error rates or RTs, indicating that the results from the 

two experiments revealed a consistent pattern (error: group effect, F [1,38] = 3.04, p 

= .089; interaction: F [3.825,145.349] = 0.09, p = .084; RTs: group effect, F [1,38] = 

0.48, p = .493; interaction: F [5,190] = 1.02, p = .408). The two experiments were 

therefore pooled (N = 40) and analyzed together (see Supplementary Materials for 

separate analyses for Experiments 1 and 2).  

The error rate results showed significantly positive beta estimates for contextual 

similarity (b = .034, t[39] = 4.33, p <.001), categorical similarity (b = .080, t[39] = 9.24, 

p <.001), and perceptual similarity (b = 0.140, t[39] = 10.21, p <.001), indicating that 

the higher the similarity, the worse the search accuracy. We also observed two 

significant interactions. The interaction between contextual and categorical similarity 

(b = .022, t[39] = 2.09, p =.026) indicates that the contextual similarity effect was 

stronger when categorical similarity increased, and the interaction between categorical 

and perceptual similarity (b = .065, t[39] = 4.83, p <.001) indicates that the categorical 

similarity effect was stronger when perceptual similarity increased. No interaction 

between contextual and perceptual similarity was found (b = .010, t[39] = 0.98, p =.165). 

The response time results showed significantly positive beta estimates for categorical 

similarity (b = .052, t[39] = 5.71, p <.001) and perceptual similarity (b = 0.124, t[39] = 

9.52, p <.001), indicating that the higher the similarity, the slower the response. No 

significant contextual effect was found (b = -.007, t[39] = -0.98, p =.922). We also 

observed significant interactions between contextual and perceptual similarity (b = .034, 

t[39] = 3.01, p =.003) and between categorical and perceptual similarity (b = .038, t[39] 

= 4.09, p <.001), indicating that the contextual and categorical similarity effects were 

stronger when perceptual similarity increased. No significant interaction between 

contextual and categorical similarity was found (b = -.012, t[39] = -1.45, p =.922).  

Together, the behavioral results reveal that contextual associations influence 
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search performance both independently and in conjunction with perceptual and 

categorical similarity. However, behavioral data alone are insufficient to determine 

whether and how contextual associations guide attention during search, as they cannot 

disentangle effects on attentional allocation from those on later decision-making stages. 

Therefore, we next examined how contextual associations modulate neural markers of 

attentional allocation, specifically the N1pc and N2pc ERP components. 

 

Figure 2. Behavioral analysis approach and results. (A) Analysis approach. 

Behavioral performance index matrices (computed from error rates or response times) 

were predicted from three model RSMs reflecting the objects’ similarities in (1) 

contextual similarity, (2) categorical similarity, (3) perceptual similarity, and (4-6) their 

pairwise two-way interaction terms. For each predictor, we estimated its beta weight in 

a linear model, separately for each participant. These beta weights indicate the 

contribution of contextual, categorical, and perceptual factors to search performance. 

(B) Pooled behavioral results for error rates (left panel) and response times (right panel) 

across both experiments. Error bars represent the standard error of the mean. 

ERP results 

We first defined the N1 and N2 time windows based on the group data across three pairs 

of posterior electrodes. Across conditions and participants, the N1 peaked at 160 ms 

and the N2 at 260 ms after stimulus onset. We analyzed N1 and N2 amplitudes by 
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assessing the average voltage within 50ms windows centered on these peak latencies. 

We observed significantly more negative amplitudes in electrodes contralateral to the 

target, compared to ipsilateral electrodes, both during the N1pc (co-ip = -0.27, t[23] = 

-6.11, p <.001) and N2pc (co-ip = -0.87, t[23] = -7.74, p <.001) (Figure 3A). We thus 

quantified the N1pc by averaging the contralateral–ipsilateral amplitude difference 

within the 135–185 ms post-stimulus window, and the N2pc within the 235–285 ms 

window, for each trial and participant. Trial-based linear regression analyses (Figure 

3B) were then performed to assess the three similarity effects and their interactions. 

Consistent with the behavioral results, no three-way interaction was observed. 

Therefore, the final models included only the three main effects and their pairwise 

interaction terms. All p-values reported here were FDR-corrected across 6 tests (three 

main effects and three two-way interactions). 

  Figure 3C shows the results of the linear regression analyses on the N1pc/N2pc 

data. N1pc results showed significantly positive beta estimates for contextual similarity 

(b = .011, t[23] = 2.57, p =.028), categorical similarity (b = .010, t[23] = 2.47, p =.028), 

and perceptual similarity (b = 0.011, t[23] = 2.34, p =.028), indicating that the higher 

the similarity, the smaller the N1pc. No significant interactions were found 

(Contextual* Categorical: b = -0.003, t[23] = -0.46, p =.776; Contextual* Perceptual: b 

= -0.003, t[23] = -0.77, p =.776; Categorical* Perceptual: b = 0.003, t[23] = 0.88, p 

=.289). N2pc results only showed a significantly positive beta estimate for perceptual 

similarity (b = .016, t[23] = 2.58, p =.025), but not for contextual similarity (b = .0045, 

t[23] = 1.27, p =.016) or categorical similarity (b = .0055, t[23] = 1.74, p =.096). No 

significant interactions between perceptual similarity and either contextual similarity 

(b = -.0026, t[23] = -0.48, p =.683) or categorical similarity (b = -.0011, t[23] = -0.22, 

p =.683) were found. However, we observed a significantly negative beta estimate for 

the interaction between contextual and categorical similarity (b = -.0158, t[23] = -3.14, 

p =.013, left-tailed). 
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Figure 3. ERP analysis approach and results. (A) ERP waveforms averaged across 

all conditions and all participants over posterior electrodes (averaging electrodes P3/4, 

P7/8, and O1/2; ipsilateral waveforms: solid lines; contralateral waveforms: dashed 

lines). The purple/pink frame indicates the selected time window for the N1pc/N2pc 

effect, a 50-ms window centered on the N1/N2 peak latency. (B) Illustration of trial-

based regression analysis. b represent the standardized slope of the predictors, including 

contextual, categorical, and perceptual similarity and their pairwise two-way 

interaction terms, resulting in six betas. (C) Results for the N1pc (purple bars) and N2pc 

(pink bars). Error bars represent the standard error of the mean. 

 

To further examine this interaction, we plotted the predicted results from the 

regression analysis using beta estimates with perceptual similarity fixed at a z-score of 

0 (Figure 4A). Here, the N2pc amplitude was greatest for low contextual and categorical 

similarity and diminished when the distractors were from the same category or scene 

context. Interestingly, the N2pc amplitude slightly increased when both similarities 

increased. To statistically clarify the interaction effect, we then analyzed our ERP data 
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with a 2 (contextual) × 2 (categorical) within-subjects design. Here, we excluded high 

perceptual similarity trials (i.e., pairs of stimuli sharing a similar overall shape, e.g., a 

rolling pin with baguette/log/shovel) to minimize the effects of perceptual similarity. 

The ANOVA (Figure 4B) showed a significant main effect of category (F [1,23] = 4.96, 

p =.036) and a significant interaction between contextual and categorical similarity (F 

[1,23] = 6.16, p =.021). Post-hoc t-test analyses with Holm correction showed that the 

N2pc was significantly reduced when the target and distractor shared the context or the 

category, compared to when they shared neither (pHolm < .05, two-tailed), but there was 

no further reduction when the target and distractor shared both. 

 

Figure 4. Interactions between contextual and categorical similarity in the N1pc 

and N2pc. (A) Predicted results based on the beta estimates from the regression 

analysis with perceptual similarity fixed at the mean (z-score = 0). The left panel shows 

the predicted results for the N1pc, and the right panel shows the predicted results for 

the N2pc. (B) Results of a 2 (contextual) × 2 (categorical) within-subject ANOVA for 

the N1pc (left panel) and N2pc (right panel).  
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Discussion 

We investigated how contextual associations guide attention and influence search 

performance. Our EEG results show that contextual associations affect attentional 

allocation independently during the early selection stage (N1pc, 135-185 ms after onset) 

but interact with categorical similarity during the later selection stage (N2pc, 235-285 

ms after onset). Our behavioral results show that distractors that share contextual 

associations with the target impair search performance both independently and in 

concert with categorical and perceptual similarity. 

Our findings confirm the hypothesis that contextual associations guide attention 

during visual search, evidenced by attenuated N1pc and N2pc effects when distractors 

share the same scene context as the target. Many visual search theories propose that 

information of target-relevant features is accumulated in parallel and then determines 

how attention is allocated to potential targets (Treisman & Sato, 1990; Wolfe, 1994, 

2007, 2021). These theories are largely based on evidence from experiments using 

conjunctions of perceptual features (e.g., color and orientation). The present results 

extend these models by demonstrating that attentional guidance concurrently arises 

from multiple features, encompassing perceptual features and semantic features like 

contextual associations and category membership. In previous work, Moore et al. (2003) 

suggested that such semantic features guide attention during visual search. However, in 

their study, semantic features were defined broadly and stimulus pairs encompassed 

multiple types of relationships: For example, pairs with high co-occurrence 

probabilities could lack a common contextual associations (e.g., tables and chairs often 

go together, but across many possible contexts) and pairs with semantic associations 

could have low co-occurrence probabilities (e.g., a cow and a glass of milk are 

semantically related but not typically seen together). Moreover, categorical and 

perceptual similarities were not systematically controlled for, making it difficult to 

disentangle different types of semantic features and perceptual features. In the current 

study, we objectively measured perceptual similarity between targets and distractors, 

orthogonally manipulated contextual and categorical relationships, and applied linear 

regression to analytically control for their contribution. This allows us to characterize 

how attention is differentially guided by contextual and categorical similarity. 
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Interestingly, we found that contextual, categorical, and perceptual similarity 

independently modulated early selection during the N1pc window. These early effects 

are somewhat surprising, given that previous literature suggests that fully effective 

guidance takes 200-300 ms, even when based on basic perceptual features such as color 

(Palmer et al., 2019; Lleras et al., 2020; Wolfe, 2021). Two possible explanations may 

account for the early N1pc effects observed in the current study. First, early guidance 

during the N1pc window may be mediated by a rapid priming of object representations 

that are contextually or categorically related to the target. Previous neuroimaging 

studies have shown that objects presented in isolation can activate similar 

representational patterns in the visual system due to shared categorical or contextual 

associations (Bonner & Epstein, 2021; Yeh et al., 2025). For example, a rolling pin 

elicits neural patterns more similar to those elicited by a cooking pot (that is commonly 

seen in the kitchen, too) than to those elicited by a rake (that is commonly seen in the 

garden) in the lateral occipital cortex (LOC) and parahippocampal place area (PPA), 

even when all the objects are presented on their own. This spread of cortical 

representations across related objects may occur already during the cue presentation, 

priming their visual representations and leading to rapid attentional guidance during 

search. Second, the current study only features two simultaneous objects presented at 

predictable locations, which may have accelerated attentional guidance compared to 

search arrays that feature many distractors at varying display locations. Finally, we used 

a restricted stimulus set (12 objects per context), potentially facilitating the spreading 

of activation between them. Future investigations manipulating set size and spatial 

uncertainty could clarify whether the early N1pc effects observed here reflect rapid 

guidance that is only possible under our somewhat simplified display conditions or a 

more general mechanism of rapid attentional guidance. 

In contrast to the N1pc results, contextual associations interacted with categorical 

effects during the N2pc. Specifically, the N2pc amplitude decreased when distractors 

shared the same context or category as the target, with no additional reduction when 

both overlapped, indicating that contextual and categorical information jointly 

modulate attentional selection at this later selection stage. The N2pc component likely 

indexes the final stage of attentional selection based on a priority map, where multiple 

guidance sources are combined in a weighted manner (Wolfe, 1994, 2021; Fecteau & 

Munoz, 2006; Eimer, 2014). The absence of an additive effect when both semantic 
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relationships are present might be because contextual and categorical information are 

integrated within the priority map by selecting the feature that more efficiently 

discriminates between the target and the distractor (Yu et al., 2023). Although 

contextual and categorical relationships were manipulated in a binary manner in the 

present study, their relative strength is unlikely to be equal for each stimulus pair. For 

example, a cooking pot and a hand saw perhaps are more easily distinguished by context 

(kitchen vs. garden) than by category (tool vs. non-tool), indicating that the dominant 

semantic cue may depend on the specific object pair. Further, we found no interaction 

between perceptual similarity and either contextual or categorical effects in our EEG 

results. This contrasts with previous findings of a hierarchical interaction between 

perceptual and categorical effects during the N2pc window (Yeh & Peelen, 2022). A 

possible explanation is that feature-based guidance is task-dependent and adaptively 

relies on features that effectively distinguish the target from distractors (Wolfe, 2021; 

Yu et al., 2023; Yeh et al., 2024). In the previous study, perceptual similarity was 

relatively constrained: aside from distractors sharing an identical overall shape (e.g., 

round), the target was consistently paired with a distractor of a fixed, distinct shape 

(e.g., triangular). Under such conditions, perceptual features likely served as a very 

effective and often dominant cue for guiding attention. By contrast, in the present study, 

target-distractor perceptual similarity varied rather continuously across trials, given the 

stimuli were paired across six shape sets. 

 In addition to the EEG findings, we also found robust effects of contextual 

associations on search behavior. Specifically, targets and distractors sharing contextual 

associations impaired search accuracy both independently and in interaction with 

categorical similarity. The effect of contextual associations was stronger when 

distractors belonged to the same category as the target. By contrast, their influence on 

reaction time depended on perceptual similarity: the higher the perceptual similarity 

between the target and the distractor, the larger the contextual effect. Consistent with 

previous reports (Yeh & Peelen, 2022), we also observed main effects of perceptual and 

categorical similarity, as well as their interaction, on both accuracy and reaction time; 

greater perceptual similarity enhanced the categorical effect. The behavioral 

interactions of semantic and perceptual similarities are not found in the N1pc or N2pc 

responses. Yet, behavioral performance reflects not only attentional guidance and 

selection but also later processes such as object identification and decision-making 
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(Eimer, 2014; Wolfe, 2021). The observed interaction may therefore emerge at a later 

stage of processing, when the target template becomes more precise and incorporates 

detailed feature information (Wolfe, 2021; Yu et al., 2023).  

 Our study examined contextual associations based on object co-occurrence within 

a specific scene context (Bar, 2004; Oliva & Torralba, 2007). Here, we assumed that 

such co-occurrence statistics are relatively comparable across objects. Yet, this is 

clearly a simplification. First, objects may asymmetrically guide attention, where one 

object efficiently guides attention to the other, but not as much vice versa. Indeed, visual 

search in real-world scenes often relies on bigger “anchor objects” (e.g., sink, table) 

that guide attention when searching for associated smaller objects (e.g., toothbrush, 

mug) (Mack & Eckstein, 2011; Boettcher et al., 2018; Võ et al., 2019; Yu et al., 2023; 

Lerebourg et al., 2024; Souza-Wiggins & Geng, 2026). Second, effective attentional 

guidance may also depend on the typical relative positioning of objects, where attention 

is guided in directions that promise to be useful in the real world. For example, stoves 

guide attention upwards much more than downwards, reflecting the positioning of 

stove-associated objects above them (Kaiser et al., 2019; Torralba et al., 2006; Wolfe et 

al., 2019). How attentional guidance by contextual associations interacts with the 

asymmetries and spatial biases in real-world search remains an interesting open 

question for future research. 

Conclusion 

The present study demonstrates that contextual associations influence visual search 

across multiple processing stages. They guide attention independently at early stages 

and subsequently, together with categorical and perceptual information, shape target 

selection and overall performance. These findings highlight that contextual associations 

rapidly and robustly shape visual cognition, supporting efficient attentional guidance in 

everyday visual tasks. 
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Supplementary 

Behavioral results  

In Experiment  1, the error rate results showed significantly positive beta estimates for 

contextual similarity (b = .043, t[15] = 3.55, p =.002), categorical similarity (b = .088, 

t[15] = 5.48, p <.001), and perceptual similarity (b = 0.151, t[15] = 8.25, p  <.001), 

indicating that the higher the similarity, the worse the search accuracy. We also observed 

two significant interactions. The interaction between contextual and categorical 

similarity (b = .040, t[15] = 2.29, p =.022) indicates that the contextual similarity effect 

was stronger when categorical similarity increased, and the interaction between 

categorical and perceptual similarity (b = .081, t[15] = 4.01, p =.001) indicates that the 

categorical similarity effect was stronger when perceptual similarity increased. There 

was no interaction between contextual and perceptual similarity (b = .022, t[15] = 1.62, 

p =.063). The response time results showed significantly positive beta estimates for 

categorical similarity (b = .060, t[15] = 3.70, p =.003) and perceptual similarity (b = 

0.124, t[15] = 5.33, p <.001), indicating that the higher the similarity, the slower the 

response. We found no contextual effect (b = -0.009, t[15] = -0.67, p =.823) and no 

interactions (Contextual* Categorical: b = -0.012, t[15] = -0.95, p =.823; Contextual* 

Perceptual: b = 0.009, t[15] = 0.66, p =.387; Categorical* Perceptual: b = 0.029, t[15] 

= 1.68, p =.114). 

In Experiment 2, the error rate results showed significantly positive beta estimates 

for contextual similarity (b = .027, t[23] = 2.70, p =.009), categorical similarity (b 

= .074, t[23] = 7.61, p <.001), and perceptual similarity (b = 0.132, t[23] = 6.81, p  

<.001), indicating that the higher the similarity, the slower the response. We also 

observed an interaction between categorical and perceptual similarity (b = .055, t[23] = 

3.04, p =.001), indicating that the categorical similarity effect was stronger when 

perceptual similarity increased. There were no significant interactions between 

contextual and categorical similarity (b = .010, t[23] = 0.78, p =.265), and between 

contextual and perceptual similarity (b = .002, t[23] = 0.14, p =.446). The response time 

results showed significantly positive beta estimates for categorical similarity (b = .047, 

t[23] = 4.31, p <.001) and perceptual similarity (b = 0.125, t[23] = 7.93, p <.001), 

indicating that the higher the similarity, the slower the response. No significant 

contextual effect was found (b = -.006, t[23] = -0.69, p =.851). We also observed 
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significant interactions between contextual and perceptual similarity (b = .050, t[23] = 

3.22, p =.003) and between categorical and perceptual similarity (b = .034, t[23] = 4.15, 

p <.001), indicating that the contextual and categorical similarity effects were stronger 

when perceptual similarity increased. No significant interaction between contextual and 

categorical similarity was found (b = -.011, t[23] = -1.07, p =.851). 
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