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Public Significance Statement 

In everyday life, we often search for things like our phone or keys using a mental image of what we are 

looking for. This study shows that people focus better on what they try to memorize when they believe a 

hint is reliable. When the hint correctly pointed to what mattered, people were faster and more accurate 

in finding or remembering it. This means our attention and memory do not work in fixed ways, but that 

they adapt based on how helpful we expect the information to be. This helps us better understand the 

interaction between memory and attention, and how expectations influence performance in simple tasks.  
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Abstract 
In the visual search literature, an attentional template refers to a mental representation of target features 

stored in visual working memory. The dual-state model (Olivers et al., 2011) argues that visual working 

memory can only be focused on a single representation at a time, and therefore, we can only search for 

one target at a time. Consequently, to detect two potential targets, we must rapidly alternate our attention 

between the two corresponding representations. By contrast, the resource hypothesis (Huynh Cong & 

Kerzel, 2021) posits that we can simultaneously activate more than one representation for visual search, 

although this requires sharing the available resources. In three pre-registered experiments, we compared 

the predictions from the state-based model and the resource hypothesis in a combined search and memory 

task. The results suggest that participants allocate their resources based on the reliability of the retro-cue 

and therefore favor the resource hypothesis. In contrast, the results are less consistent with the state-based 

model, which predicts that the cost in terms of response time and accuracy should remain identical 

regardless of the retro-cue’s reliability. 
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People devote a significant part of our daily lives to 

search for familiar objects in complex, densely packed 

visual scenes. In some situations, one needs to search 

for several objects simultaneously. A common 

example is cooking dinner, where we often search for 

two utensils at the same time. Working memory plays 

a key role in both perceptual attention and action 

control: it maintains target templates to guide 

perceptual selection, and stores task sets that support 

goal-directed behavior (Myers et al., 2017). In these 

cases, stored feature representations serve to guide 

attentional selection during visual search (e.g., the 

shape of a spoon and the color of a bowl), known as 

attentional templates (Duncan & Humphreys, 1989) or 

attentional control sets (Folk et al., 1992).  

An attentional template is a mental representation 

of one or more target features used to guide visual 

search. Several models of visual search (Schneider, 

2013; Wolfe, 2021) argue that attentional templates 

are stored in visual working memory (VWM) and are 

activated shortly before visual search to prioritize 

objects with matching attributes. This is supported by 

electrophysiological studies (Carlisle et al., 2011; 

Grubert & Eimer, 2018, 2020; Woodman et al., 2013). 

Consequently, attention is directed toward items that 

match the stored target features through a top-down 

process (Chelazzi et al., 1998). Once candidate target 

objects have been selected, they are compared to the 

attentional templates to determine whether they are a 

target (Eimer, 2014; Wolfe, 2021).  

Nevertheless, how multiple attentional templates 

are maintained and used in VWM remains unclear. 

Olivers et al. (2011) proposed the single-item-template 

hypothesis, which suggests that VWM operates with 

two representational states: an active state and an 

accessory state. The "active" state, where the item 

representation serves as an attentional template. In this 

framework, only a single representation at a time can 

be kept in the active state. All other items are 

maintained in an "accessory" state, where they cannot 

interact with visual search. When searching for 

multiple items, representations sequentially switch 

from the accessory state to the active state. Olivers et 

al. (2011) based their proposal on attentional capture 

effects (Theeuwes, 1991, 1992) observed in dual-task 

settings. In these tasks, participants maintained a 

single feature (e.g., the color red) in VWM while 

searching for an unrelated target (e.g., a diamond 

among circles). A distractor matching the memorized 

feature would often capture attention and slow 

response times (RTs).  

However, recent studies have demonstrated that 

VWM does not always influence attentional guidance, 

and that this influence may be present or absent 

depending on the structure of the visual search task. 

When the search target remains constant over multiple 

trials, it is thought that the corresponding attentional 

template can be transferred to “activated long-term 

memory” (Gunseli et al., 2014; Reinhart & Woodman, 

2014, 2015; Wolfe, 2021). This offloading reduces 

demands on VWM, allowing accessory memory 

representations to become active and interfere with 

search performance. Conversely, when the search 

target changes from trial to trial, the corresponding 

attentional template continuously needs to be updated 

in VWM, forcing it to remain in the active state. As a 

result, the other representations remain accessory, and 

no memory-based interference occurs. (Downing & 

Dodds, 2004; Hollingworth & Hwang, 2013; Olivers, 

2009). However, Foerster and Schneider (2018) 

showed that even search-irrelevant features of the 

active VWM template can still capture attention and 

cause interference, even when it would be beneficial 

to ignore them. 

Moreover, storing several items can introduce 

competition effects, further constraining attentional 

guidance (Carlisle & Woodman, 2019). Although 

VWM can store approximately 3–4 items (Cowan, 

2001; Luck & Vogel, 2013), competition may arise 

particularly when multiple items share the same 

feature values relevant for the search task, such as 

color or shape. This similarity increases the likelihood 

that none of the items reaches the active status required 

to guide attention effectively. For instance, holding 

two identically shaped items in memory creates strong 

competition so that neither can become fully active to 

bias attention. In contrast, when the remembered items 

differ in shape, competition is reduced and one item is 

more likely to achieve active status and guide attention 

(Woodman & Luck, 2007). 

Although the single-item-template hypothesis has 

received considerable support (Grubert et al., 2016; 

Olivers et al., 2011; van Moorselaar et al., 2014), 

several elements call it into question. Many studies 

have demonstrated that several attentional templates 

can be activated simultaneously to guide visual search 

(Carlisle & Woodman, 2019; Hollingworth & Beck, 

2016; Zhou et al., 2020). That is, participants can 

simultaneously search for two targets at the same time. 

This capacity was evidenced both by behavioral (Irons 

et al., 2012; Kerzel & Witzel, 2019) and 

electrophysiological (Berggren et al., 2020; Grubert & 

Eimer, 2015, 2016) studies. The single item template 
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hypothesis is however unfit to explain participants’ 

ability to activate several attentional templates at the 

same time. Therefore, to address these issues, the 

multiple item template hypothesis (Beck et al., 2012) 

was proposed. It assumes that several items stored in 

VWM can concurrently serve as attentional templates, 

allowing attention to be directed by multiple targets 

simultaneously. 

Similarly, Bahle et al. (2020) proposed an 

activation-based model, in which all items stored in 

VWM exist on a continuum of activation, and the item 

with the highest activation has the greatest influence 

on attentional guidance. According to this model, 

rather than being restricted to binary states (active vs. 

accessory) or to models assuming fixed, all-or-nothing 

resource allocations, VWM representations 

dynamically vary in their ability to bias attention 

depending on their activation strength. That is, 

stronger activations enhance the probability that items 

guide search behavior, while lower activations weaken 

their influence without entirely removing them from 

attentional competition. 

Within this notion of a flexibly distributed 

resource, Huynh Cong and Kerzel (2021) approached 

attentional templates not in terms of activation 

strength, as suggested by Bahle et al. (2020) nor as 

distinct representational states that require 

deactivation, as proposed by Olivers et al. (2011), but 

rather as depending on how much working memory 

resource is available. They also assume that 

representations that achieve the status of attentional 

template, either during encoding or maintenance, 

receive an amount of resources proportional to their 

relevance in visual search. Similar to the activation 

model, the more resources are allocated to a template, 

the more visual search should be enhanced. However, 

the amount of resources alone does not determine 

whether a representation interacts with visual search. 

That is, the representation receiving the largest amount 

of resources does not automatically become the target 

of visual search (Huynh Cong & Kerzel, 2021). In 

other words, an object can be recalled very precisely 

without influencing visual search. 

This resource hypothesis builds on resource-

based models of VWM (Bays et al., 2009; Bays & 

Husain, 2008; Ma et al., 2014) and is supported by 

several studies examining how memory resources 

relate to visual search performance (Hollingworth & 

Hwang, 2013; Kerzel & Witzel, 2019; Rajsic et al., 

2017). One core prediction is that memory precision 

and search efficiency must covary: if allocating more 

resources to a template does not improve search 

performance, the hypothesis would be invalidated. 

Increasing the priority of a template for search should 

also increase the resources allocated to its memory 

representation. Based on the resource models of VWM 

(Bays et al., 2009; Bays & Husain, 2008; Ma et al., 

2014), this increase is expected to enhance the 

precision of recall. In general, memory resources can 

be flexibly distributed among stored representations 

depending on their relevance (Franconeri et al., 2013; 

Ma et al., 2014). Because internal representations are 

subject to random fluctuations, and the magnitude of 

this noise rises with the number of stored 

representations, memory performance declines as the 

number of items in working memory increases (Ma et 

al., 2014). 

The resource hypothesis is also related to the 

approach suggested by Kristjánsson (2023) who 

argues that attentional and VWM templates are not 

fixed, perfectly tuned entities, but rather dynamic 

representations modulated by spatial and temporal 

context as well as the characteristics of stimuli. This 

approach aligns with modern theories such as 

predictive coding and Bayesian inference 

(Chetverikov & Kristjansson, 2022), which postulate 

that the visual system continuously adjusts its 

predictions based on discrepancies between 

expectations and sensory signals.  

However, recent findings suggest that the link 

between precision and attentional guidance may not be 

straightforward as the resource hypothesis suggests. 

According to resource-based accounts, increasing the 

amount of resources allocated to an item in VWM 

should improve not only its precision but also its 

ability to serve as an attentional template. In this view, 

a more precise representation should be more effective 

in biasing attention during tasks like visual search. 

However, recent findings suggest that this assumption 

may not always hold. For example, Dube and Al-

Aidroos (2019) showed that prioritizing an item for 

enhanced memory precision via retro-cueing did not 

increase its ability to bias attention during search. 

Similarly, Dube et al. (2019) demonstrated that while 

deterministic retro-cues (100% valid) led to attentional 

capture by the cued item, probabilistic retro-cues (70% 

valid) did not—even though they improved memory 

performance. These findings support the idea that 

memory precision and attentional template status can 

be dissociated, and that increased resource allocation 

is not always sufficient for attentional guidance. 

In the present study, we aimed to resolve a central 

theoretical disagreement concerning the mechanisms 

through which VWM representations guide attention. 
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Although prior research has established that retro-cues 

can improve recall accuracy (Gunseli et al., 2015; 

Murray et al., 2013), it remains an open question 

whether the reliability of these cues can continuously 

modulate both memory fidelity and attentional 

efficiency (see Dube & Al-Aidroos, 2019). Addressing 

this question is critical for adjudicating between binary 

state-switching accounts and resource-based 

frameworks. We sought to determine whether 

attentional templates in VWM are governed by all-or-

none dynamics or by flexible, graded distributions of 

resources, thereby clarifying the architecture of the 

current models of attention–memory interactions. 

This investigation seeks to elucidate the 

mechanisms governing resource allocation during 

memory maintenance and visual search. Resource-

based models posit that retro-cue reliability modulates 

the prioritization of information within VWM: highly 

reliable cues should facilitate both enhanced memory 

accuracy and more effective guidance of attention 

during search. This also means that reduced reliability 

should lead to a more distributed allocation of 

resources, leading to diminished recall performance 

and less efficient search behavior. Some studies 

(Gunseli et al., 2015; Shimi et al., 2014) reported that 

retro-cues with higher reliability (80% vs. 50%) 

yielded greater improvements in recall accuracy at the 

cued location. Applying this rationale to the present 

task, it follows that greater retro-cue reliability should 

be associated not only with improved recall accuracy, 

but also with faster and more accurate visual search 

performance for the cued attentional template.  

In three preregistered experiments, participants 

remembered colors and then performed a visual search 

task or a continuous-recall task. Both tasks were 

combined with retro-cueing to manipulate the 

relevance of attentional templates. The continuous-

recall paradigm examines VWM by capturing both 

item recall and the accuracy with which features are 

remembered, based on response variability around the 

correct value (Zhang & Luck, 2008) though it has 

recently been argued that AFC paradigms might also 

be sufficient (see, Schurgin et al., 2020). In 

Experiment 1 participants had to remember two colors, 

and the cue was less reliable in some blocks than in 

others. A similar manipulation was performed in 

Experiment 2 but with three colors in three different 

shapes. Finally, in Experiment 3, two colors were 

presented in two different shapes, and each shape was 

associated with either the continuous-recall task or the 

visual search task. We expected that the increased 

allocation of resources created by the retro-cue would 

enhance visual search efficiency and improve memory 

performance.  

Across three experiments, cue reliability was used 

to manipulate resource allocation. In Experiments 1 

and 3, there were two memory items, and the cue was 

less reliable in some blocks than in others. A similar 

manipulation was performed in Experiment 2, but with 

three items to memorize. Experiment 3 extended this 

by using a single-target search task where participants 

maintained an attentional template for the search task 

along with a representation for a memory task.  

Experiment 1 

The aim of Experiment 1 was to demonstrate that 

participants allocate resources to the cued target 

depending on the retro-cue’s reliability. When the 

retro-cue is highly reliable, we expect that participants 

prioritize the cued representation more strongly than 

when it is less reliable, showing that search efficiency 

is parametrically influenced by the retro-cue 

reliability. 

We assume that response times (RTs) in the 

search task and recall accuracy in the memory task 

improve depending on the amount of resources 

allocated to the probed stimulus based on its priority 

(i.e., higher-priority items receive more resources). In 

line with the resource hypothesis, we expect shorter 

responses times and smaller recall errors after a valid 

than after an invalid retro-cue. More importantly, we 

expect the difference between valid and invalid 

conditions to increase with the reliability of the retro-

cue. That is, with a retro-cue reliability of 50%, the 

difference between valid and invalid retro-cues is 

expected to be smaller than with a retro-cue reliability 

of 70%. The reason is that the allocation of resources 

should follow the relevance of the attentional template. 

If the cue reliability is higher, the retro-cued template 

becomes more relevant, and more resources are 

allocated to it. As a result, performance should differ 

more strongly between valid and invalid cues in both 

the search and the memory task.  

Methods 

Transparency and openness 

Experiments’ preregistrations are available at: 

• https://osf.io/tgbdc (E1) 

• https://osf.io/jnwvt (E2) 

• https://osf.io/js9yp (E3) 

The cleaned data, experimental scripts, analysis 

code and colors used are available on OSF at: 

https://osf.io/tgbdc
https://osf.io/jnwvt
https://osf.io/js9yp
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https://osf.io/q8d47/. Data were analyzed using 

CPython 3.12.4 with the following packages: numpy 

2.0.0 (Harris et al., 2020), seaborn 0.13.2 (Waskom, 

2021), pingouin 0.5.4 (for the repeated-measures 

ANOVAs; Vallat, 2018), matplotlib 3.9.1 (Hunter, 

2007) and pandas 2.2.3 (The pandas development 

team, 2024). To apply the swap model (Bays et al., 

2009) to the data, we used the MemToolbox 1.1.0 

(Suchow et al., 2013) on MATLAB R2017a. The 

experiment was programmed with PsychoPy version 

2024.2.1 (Peirce et al., 2019). Post-hoc analyses were 

conducted using R (version 4.5.0; R Core Team, 2025) 

with the effectsize package version 1.00 (Ben-Shachar 

et al., 2020). Chronologically, we conducted 

Experiment 1 first, then Experiment 3 and finally 

Experiment 2. Experiments were conducted in 2024 

and 2025. 

Participants 

32 participants took part in the experiment to 

acquire class credits. Six participants were excluded 

because they did not meet the inclusion criteria 

specified in our preregistration (for more information 

on inclusion criteria, see procedure section). We 

decided to exclude one participant from all analyses 

(and not only from the model-fit analysis) due to a 

guess rate of .78. The remaining 25 participants (age: 

M = 22.0 years, SD = 5.8, 4 males) all reported normal 

or corrected-to-normal vision. A power sensitivity 

analysis with G*Power 3.1 (Faul et al., 2007) revealed 

that 24 participants would allow us to detect effect 

sizes as small as Cohen's dz = 0.60 (α = .050, power = 

.80). Although the initial plan, as stated in the pre-

registration, specified a sample of 24 participants, the 

final dataset comprised 25 individuals, as the 

application of exclusion criteria left one more eligible 

participant than expected. Ethical approval for the 

study was granted by the Ethics Committee of the 

Faculty of Psychology and Educational Sciences 

(CUREG n° 20231004-331-2). All participants 

provided informed consent prior to the start of the 

experiment. 

Apparatus 

The stimuli were presented on a 22.5-inch IPS-

LCD monitor (VIEWPixx Lite monitor 100 Hz, 1,920 

× 1,200 pixels, standard backlight; VPixx 

Technologies Inc., Saint-Bruno, Canada). Colors were 

measured with an i1Display Pro (VPixx Edition) 

colorimeter by X-Rite (Grand Rapids, Michigan, 

United States) and color coordinates are available in 

the OSF repository. Head position was stabilized with 

a chin/forehead rest at a viewing distance of 66 cm. 

Responses were collected using a standard wired 

mouse with two buttons.  

Stimuli  

Figure 1 illustrates the stimuli and shows the time 

course of a trial. Stimuli were presented on a light gray 

background (15.88 cd/m²) and a white fixation cross 

measuring 0.18 degrees of visual angle (dva) was 

shown in the center of the display. Five distinct colors 

were needed in each trial. We describe colors by their 

angular distance on the color wheel. The color wheel 

consisted of 360 colors drawn from the CIELAB 

colorspace, (L* = 63, center a* = 9, center b* = 27, 

radius = 40) and were converted to RGB using the 

cielab2rgb function in PsychoPy using the sRGB 

transfer function. Five colors were selected on each 

trial: one initial color was randomly selected and based 

on this one, four others each spaced 72° apart were 

selected. Each color was then jittered by up to ±6°, 
introducing slight variations while preserving similar 

color differences. In each trial, randomly, two of the 

five colors were presented in the memory display, but 

only one of these was later probed, either in the search 

or the memory task. The remaining colors were used 

for the three non-targets in the search task.  

The remaining colors were used for the three non-

targets in the search task. Each trial started with the 

fixation cross presented alone for 500 ms. Then the 

memory display consisting of two-colored disks (0.37 

dva radius; 0.43 dva² area), each outlined by a 0.5 

pixels black outline and positioned 1.5 dva to the left 

and right of the fixation cross (center-to-center), 

appeared for 300 ms. The retro-cue appeared 500 ms 

after the offset of the memory display and stayed for 

200 ms. It was a black unfilled circle (0.6 dva radius) 

shown at the location of one of the two disks in the 

memory display. Another 500-ms interval separated 

the offset of the retro-cue and the onset of one of two 

response displays. In the search task, the response 

display appeared for 100 ms and consisted of four 

rectangular bars (measuring 1.30 x 0.33 dva) that were 

displayed in the corners of a virtual square at 2 dva 

from fixation. Two bars were tilted 45° to the left and 

two 45° to the right. The target bar shared its colors 

with a stimulus from the memory display and the other 

bars were in colors unseen that trial. Participants had 

to indicate the orientation of the target bar by clicking 

the left (for left-tilted) or right (for right-tilted) mouse 

button. 

https://osf.io/q8d47/


RETRO-CUE RELIABILITY AND VISUAL WORKING MEMORY  6 

Preprint | Version 1 | 

In the memory task, an empty circle was presented 

at one of the two positions from the memory display. 

Participants had to select the color previously shown 

at that location. The circle was surrounded by a color 

wheel with an inner radius of 4.5 dva and an outer 

radius of 5.5 dva. The color selected by mouse 

movement was highlighted by a line between the 

central fixation mark and the color wheel. In addition, 

the outline circle was dynamically filled with the 

currently selected color. Participants confirmed their 

selection by pressing the left mouse button. On each 

trial, the orientation of the color wheel was randomly 

selected among multiples of 30° to avoid motor biases. 

This response display stayed until a response was 

made. 

Procedure  

Participants were invited to the laboratory twice 

and received one course credit for each session. During 

the first session, the task was explained to them, and 

they carried out a preliminary session consisting of 4 

blocks of 40 trials each. Cue validity in the first two 

blocks was either 50% or 70%, counterbalanced across 

participants, and changed for the last two blocks. 

Participants were informed of the retro-cues’ 

reliability at the start of each block and were asked to 

remember two colors. At the end of this session, 

participants’ performance was reviewed. To continue 

with the main experiment, participants had to reach an 

accuracy above 80% in each condition of the search 

task and, in each condition of the memory task, an 

average of less than 60° of absolute angular deviation 

(henceforth: recall error) between the selected color 

and the target color. If they reached the criterion, 

participants completed 320 experimental trials (4 

blocks of 80 trials each) and were scheduled for a 

follow-up session of 640 trials (4 blocks of 160 trials 

each). Overall, participants completed 960 trials. 

Participants who did not meet the criterion were 

dismissed but still received the credit for the full 

session. Another seven participants completed the first 

part of the experiment but did not come back for the 

follow-up session for unknown reasons. Their data 

were not included in the analyses. 

  

  

  

        
      

              
      

        

      
         

      

        

      
            
                            

                         

                               

  

Note. E1, E2 and E3 refer to Experiments 1, 2, and 3. Stimulus sizes and colors were adjusted for clarity. In all 

experiments, the retro-cue matched the position and shape of a memory item. On each trial, participants performed either 

a memory task (selecting the remembered color on a color wheel) or a search task (reporting the tilt of the bar matching 

the color of one item from the memory display). In Experiment 3, each target shape was associated with a task: the square 

was associated with the search task and the disk with the memory task. 

 

Figure 1. Experimental procedure. 
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Design  

We employed a 2 × 2 repeated-measures design. 

The two within-participant factors were retro-cue 

reliability (50%, 70%) and retro-cue validity (valid, 

invalid). The retro-cue either correctly indicated the 

target (valid) or indicated the non-target (invalid). We 

use the term reliability to refer to the probability that 

the retro-cue was valid. In other words, a 70%-reliable 

cue is a cue that is valid in 70% of the trials. Retro-cue 

reliability changed between blocks of 160 trials in the 

first session and between blocks of 320 in the second 

session. The retro-cue reliability of the first block was 

counterbalanced across participants. In a block of 

trials, the search and the memory task as well as the 

possible target locations were equally likely to occur. 

Overall, before any trial exclusion there were 480 trials 

for each task (search or memory). Of these 480 trials, 

there were 120 valid and 120 invalid in the 50%-

reliability condition, and 168 valid and 72 invalid in 

the 70%-reliability condition. 

Analysis  

The repeated-measures ANOVAs reported for 

Experiments 1, 2 and 3 used the same design. That is, 

they were 2 x 2 ANOVAs with validity and reliability 

as factors and varied only by their dependent variables. 

For post-hoc analyses, all p values reported in the 

text were corrected using the Holm–Bonferroni 

method (Holm, 1979) to control for multiple 

comparisons. We also report Cohen’s dz (Cohen, 

1988), with 95% confidence intervals calculated using 

the standard parametric method based on the 

noncentral t distribution (Cumming, 2013). 

Results 

RTs in the search task 

Deviating from the preregistrations, we excluded 

trials with RTs shorter than 200 ms or longer than 2000 

ms (3% of total trials) and trials with choice errors (8% 

of total trials). Next, as specified in the preregistration, 

we removed trials with RTs deviating more than 2.5 

SD from the respective condition mean (3% of total 

trial). Although the preregistration mentioned the 

analysis of both median and average RTs, we 

ultimately decided to analyze only average RTs 

(Figure 2, left). For completeness, we nonetheless 

report the results of median-based analyses in the OSF 

repository. All median-derived results are similar to 

the mean-derived results. 

The 2 x 2 ANOVA revealed that the main effect 

of retro-cue validity, F(1, 24) = 25.61, p < .001, η𝑝
2  = 

.516, was modulated by an interaction between retro-

cue validity and reliability, F(1, 24) = 7.30, p = .012, 

η𝑝
2  = .233, showing that the difference between valid 

and invalid cues was smaller with 50% than 70% cue 

Note. Left panel shows average RTs (expressed in ms) as a function of cue reliability and validity. Right panel shows 

average recall error (expressed in degrees) as a function of cue reliability and validity. Error bars represent 95% within-

participant CIs, calculated using Cousineau’s (2005) method with Morey’s (2008) correction. 

Figure 2. Results from Experiment 1. 
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validity (53 vs. 79 ms difference). To further 

investigate the interaction, we conducted post hoc 

paired-samples t tests. These t tests and p values from 

post-hoc comparisons were corrected for multiple 

testing using the Holm–Bonferroni method (Holm, 

1979). The correction was applied separately for each 

experiment, across all post hoc comparisons relevant 

to the same dependent variable (e.g., RTs in the search 

task, recall error, etc.). Therefore, all these p values are 

corrected for a family of 2 comparisons.  

The difference between valid and invalid cues was 

significantly different from zero for both levels of cue 

reliability (50% cue reliability: 764 ms vs. 843 ms, 

t(24) = 4.70, pholm < .001, dz = 0.94, 95% CI [0.47, 

1.41]; 70% cue reliability: 770 ms vs. 823 ms, t(24) = 

4.91, pholm < .001, dz = 0.98 [0.50, 1.46]). There was 

no main effect of retro-cue reliability, F(1, 24) = 0.50, 

p = .488, η𝑝
2  = .020.  

Recall error in the memory task 

For the analysis of the color wheel task, our dependent 

variable was the recall error. Deviating from the 

preregistrations, we only analyzed the average recall 

error (Figure 2, right). There was a main effect of 

validity, F(1,24) = 17.51, p < .001, η𝑝
2  = .422, showing 

that recall errors were lower with valid than invalid 

cues (17.48° vs. 21.93°). Contrary to our expectations, 

there was no interaction between retro-cue validity and 

reliability, F(1, 24) = 0.05, p = .826, η𝑝
2  = .002. The 

main effect of retro-cue reliability was also not 

significant, F(1,24) = 0.94, p = .342, η𝑝
2  = .038.  

Exploratory analyses 

Accuracy in the search task 

We analyzed accuracy in the search task to ensure 

that potential differences in memory performance 

could not be attributed to speed-accuracy tradeoffs. 

Accuracy was lower with invalid than valid retro-cues 

(0.90 vs. 0.95), F(1, 24) = 10.18, p = .004, η𝑝
2  = .298. 

However, there was no main effect of retro-cue 

reliability, F(1, 24) = 0.34, p = .566, η𝑝
2  = .014, and no 

interaction between retro-cue reliability and validity, 

F(1, 24) = 0.60, p = .445, η𝑝
2  = .025.  

RTs in the memory task 

To explore potential factors influencing 

judgments in the color wheel task, we analyzed the 

RTs between the onset of the color wheel and the 

mouse click to confirm the selected color. We retained 

only values between 500 and 4000 ms (without 

applying a standard deviation-based exclusion 

criterion), which eliminated 6% of trials. The 

interaction between validity and retro-cue reliability, 

F(1, 24) = 5.14, p = .033, η𝑝
2  = .177 and the main effect 

of validity, F(1, 24) = 18.13, p < .001, η𝑝
2  = .430 were 

significant.  

We performed post hoc tests on the interaction 

levels and the difference between invalid and valid 

cues was smaller with 50% reliability than with 70% 

reliability (50 vs. 112 ms difference). The difference 

between invalid and valid at 50% reliability 

approached significance (2135 vs. 2085 ms), t(24) = 

1.94, pholm = .065, dz = 0.39 [–0.02, 0.79] but was 

significant at 70% reliability (2152 vs. 2040 ms), t(24) 

= 5.43, pholm < .001, dz = 1.09 [0.59, 1.58]. The main 

effect of retro-cue reliability was not significant, F(1, 

24) = 0.11, p = .746, η𝑝
2  = .004.  

Swap model 

We submitted the memory task’s results to Bays 

et al. (2009) mixture-swap model in order to 

disentangle the sources of error. Note that we used 

Bays et al. (2009) mixture-swap model, but that other 

swap models exist (e.g., Bays, 2016; Williams et al., 

2022; see Williams et al., 2023 for a comparison of 

these models). Pguess reflects the proportion of random 

guesses, SD reflects the precision of responses directed 

toward the correct target and Pswap reflects the 

proportion of responses corresponding to the non-

probed item. We applied the swap model to move 

beyond a simple analysis of overall error magnitude 

and to dissociate the potential underlying sources of 

error.  

This decomposition was critical to determine 

whether our experimental manipulations specifically 

affected memory precision, the likelihood of item 

confusion, or the propensity to guess randomly. In 

particular, an effect on SD indicates a modulation of 

the quality of memory representations, consistent with 

flexible resource allocation. An effect on Pswap, on the 

other hand, reflects changes in the probability of 

selecting the correct item, suggesting differences in 

selection or binding. These parameters were fit with 

the MemToolbox (Suchow et al., 2013). 

For guess rates (Pguess), there was no main effect 

of the cue reliability, F(1, 24) = 0.09, p = .762, η𝑝
2  = 

.004, nor was there a main effect of validity, F(1, 24) 

= 1.94, p = .177, η𝑝
2  = .075. The interaction between 

the cue reliability and the validity was also not 



Fortuna, Constant & Kerzel   9 

Preprint | Version 1 |  
 

significant, F(1, 24) = 0.005, p = .944, η𝑝
2  < .001. 

Mean guess rate was .048. 

For swap rates (Pswap), there was no main effect of 

the retro-cue reliability, F(1, 24) = 1.56, p = .224, η𝑝
2  

= .061, but swap rated were higher with invalid than 

with valid retro-cues (.045 vs .013), F(1, 24) = 5.70, p 

= .025, η𝑝
2  = .192. The interaction between the cue 

reliability and validity was not significant, F(1, 24) = 

0.15, p = .706, η𝑝
2  = .006. Mean swap rate was .029. 

For the SD, there was no main effect of cue 

reliability, F(1, 24) = 0.73, p = .400, η𝑝
2  = .030, but 

SDs were higher with invalid than valid retro-cues (21 

vs. 17), F(1, 24) = 9.87, p = .004, η𝑝
2  = .291. The 

interaction between cue reliability and validity was not 

significant, F(1, 24) = 1.75, p = .198, η𝑝
2  = .068. Mean 

SD was 18.2. 

Discussion 

In Experiment 1, we investigated the effect of 

retro-cue reliability on visual search and memory 

performance. In the search task, RTs were shorter 

when the retro-cue was valid compared to when it was 

invalid. Moreover, the interaction between retro-cue 

reliability and validity revealed that the difference in 

search RTs between valid and invalid cues was larger 

when cue reliability was high (70%) than when it was 

low (50%). This finding suggests that participants 

adapted their resource allocation based on the 

expected informativeness of the cue, effectively 

prioritizing relevant memory representations during 

the upcoming search task. This interaction also 

underscores that resource allocation in visual search is 

not fixed but flexibly adapts to the expected reliability 

of the attentional template. 

In contrast, in the memory task, we did not 

observe an interaction between cue validity and cue 

reliability despite the clear main effect of cue validity. 

One plausible explanation is that the memory task was 

too easy, resulting in a ceiling effect that may have 

limited the detection of subtle reliability-based 

modulations. Supporting this assumption, we found a 

significant interaction in the RTs recorded during the 

color wheel task, although the effects were smaller 

than in the search task. Therefore, we conducted 

Experiment 2, which involved a more challenging 

search task that should help avoid ceiling effects. 

Experiment 2 

Experiment 2 was similar to Experiment 1 but 

more difficult because three colors had to be 

remembered. Accordingly, the retro-cue reliability 

changed from 50% to 33% for unpredictive cues but 

stayed at 70% for predictive cues. Moreover, instead 

of being presented on two disks, the three colors were 

presented on three different shapes (disk, square and 

triangle). We expected performance on both the search 

and memory tasks to be better following valid cues 

compared to invalid cues. Critically, we predicted that 

the difference between valid and invalid trials would 

be larger in blocks with 70% compared to the 33% 

retro-cue reliability.  

Methods 

Participants  

In total, 56 participants took part in the 

experiment to acquire class credits. 31 participants 

were excluded because they did not meet the inclusion 

criteria (see Experiment 2 procedure) leaving 25 

participants (age: M = 21.2 years, SD = 4.6, 3 males) 

for analyses.  

Stimuli and procedure  

The stimuli and procedure were as in Experiment 

1 with the following changes. In the memory display, 

a disk (radius of 0.37 dva), a square (side length of 

0.66 dva), and an equilateral triangle (side length of 

1.00 dva) were presented at 2.50 dva of eccentricity, 

spaced 120° apart around a circular layout. The 

stimulus positions were fixed on the circular layout, 

but the shape assigned to each location varied across 

trials. The search display was presented for 2,000 ms 

instead of 100 ms in Experiment 1. We also used six 

instead of five colors, which were therefore 60° apart 

and jittered by ±6°. The reliability of retro-cues was 

33% and 70% in separate blocks of trials. Therefore, 

out of the 480 trials for each task, there were 80 valid 

and 160 invalid trials in the 33% cue reliability 

condition, and 168 valid and 72 invalid trials in the 

70% cue reliability condition. Finally, the shape of the 

retro-cue matched the shape of the cued location. Each 

shape and each location were cued and probed in one 

third of the trials. 

To be included in Experiment 2, participants were 

required to keep mean accuracy above 70% in each 

condition of the search task, which is less strict than in 

Experiment 1. Additionally, they were required to 

keep the mean recall error below 60° in each condition 

of the memory task, which is similar to Experiment 1. 
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As mentioned in the preregistration, we expected RTs 

and recall errors to be better in valid compared to 

invalid conditions, reflecting better performance when 

attention was effectively oriented. Critically, we 

hypothesized that these validity effects would interact 

with cue reliability. Specifically, we anticipated  

stronger effects of validity with high compared to low 

retro-cue reliability. 

Results 

RTs in the search task  

As in Experiment 1, we excluded trials with RTs 

shorter than 200 ms or longer than 2000 ms (0.02% of 

trials) and trials with choice errors (21% of trials). 

Next, we removed trials with RTs deviating more than 

2.5 SD from the respective condition mean (3% of 

trials). Figure 3 shows average RTs. 

There was a main effect of retro-cue validity, 

F(1,24) = 85.04, p < .001, η𝑝
2  = .780, as well as an 

interaction effect between retro-cue validity and 

reliability, F(1, 24) = 27.25, p < .001, η𝑝
2  = .532. The 

interaction shows that the difference between invalid 

and valid cues was larger with 70% retro-cue validity 

(790 vs. 640 ms), t(24) = 9.08, pholm < .001, dz = 1.82 

[1.18, 2.46], than with 33% (748 vs. 671 ms), t(24) = 

6.73, pholm < .001, dz = 1.35 [0.81, 1.89]. There was no 

main effect of cue reliability, F(1, 24) = 0.59, p = .450, 

η𝑝
2  = .024.  

Recall error in the memory task.  

The average recall errors are also shown in Figure 

3. There was a main effect of retro-cue validity, F(1, 

24) = 77.36, p < .001, η𝑝
2  = .763, as well as an 

interaction between retro-cue validity and reliability, 

F(1, 24) = 38.93, p < .001, η𝑝
2  = .619. The difference 

between invalid and valid trials was significant with 

33% reliability (53° vs. 37°), t(24) = 5.44, pholm < .001, 

dz = 1.09 [0.59, 1.58] but was larger with 70% 

reliability (58° vs. 29°), t(24) = 10.92, pholm < .001, dz 

= 2.18 [1.46, 2.91]. The main effect of retro-cue 

reliability was not significant, F(1, 24) = 3.17, p = 

.088, η𝑝
2  = .117. 

Exploratory analyses 

Accuracy in the search task 

Similar to Experiment 1, we explored accuracy in 

the search task to control for potential differences in 

overall task performance across conditions. There was 

a main effect of retro-cue validity, F(1, 24) = 89.04, p 

< .001, η𝑝
2= .788, which was modulated by an 

interaction between retro-cue validity and reliability, 

F(1, 24) = 19.93, p < .001, η𝑝
2  = .454. 

Figure 3. Results from Experiment 2. 

Note. Left panel shows average RTs (expressed in ms) as a function of cue reliability and validity. Right panel shows 

average recall error (expressed in degrees) as a function of cue reliability and validity. Error bars represent 95% within-

participant CIs, calculated using Cousineau’s (2005) method with Morey’s (2008) correction. 
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The interaction shows that the difference between 

invalid and valid cues was larger with 70% cue validity 

(.68 vs. .87), t(24) = –9.56, pholm < .001, dz = –1.91 [–

2.57, –1.25], than with 33% (0.74 vs. 0.82), t(24) = –

4.92, pholm < .001, dz = –0.98 [–1.46, –0.51]. There was 

no main effect of retro-cue reliability, F(1, 24) = 1.34, 

p = .259, η𝑝
2= .053. 

RTs in the memory task  

As in Experiment 1, we analyzed RTs to explore 

whether retro-cue reliability and validity influenced 

response speed during the color recall task. We again 

retained only values between 500 and 4000 ms, which 

eliminated 2% of trials. There was an interaction 

between retro-cue validity and reliability, F(1, 24) = 

32.66, p < .001, η𝑝
2  = .576. That is, the difference 

between invalid and valid was larger with 70% 

reliability (1747 vs. 1420 ms), t(24) = 11.98, pholm < 

.001, dz = 2.40 [1.63, 3.17], than with 33% reliability 

(1613 vs. 1454 ms), t(24) = 6.80, pholm < .001, dz = 1.36 

[0.82, 1.90]. There was also a main effect of validity, 

F(1, 24) = 141.78, p < .001, η𝑝
2  = .855, but the main 

effect of retro-cue reliability was not significant, F(1, 

24) = 2.99, p = .097, η𝑝
2  =.111.  

Swap Model 

For guess rates (Pguess), and similar to the results 

of Experiment 1, there were no main effects of retro-

cue reliability, F(1, 24) = 0.02, p = .878, η𝑝
2  = .001, 

validity, F(1, 24) < 0.01, p = .983, η𝑝
2  < .001, and no 

interaction between the retro-cue reliability and 

validity, F(1, 24) = 0.17, p = .687, η𝑝
2  = .007. Mean 

guess rate was .290. 

For swap rates (Pswap), there was no main effect of 

retro-cue reliability, F(1, 24) = 3.58, p = .071, η𝑝
2  = 

.130 and, different from Experiment 1, no main effect 

of validity either, F(1, 24) = 4.01, p = .057, η𝑝
2  = .143. 

The interaction between the retro-cue reliability and 

validity was also not significant, F(1, 24) = 2.10, p = 

.161, η𝑝
2  = .080. Mean swap rate was .310. Taken 

together with the guess rate (.290), this suggests that 

approximately 60% of responses did not correspond to 

the target item, either due to random guessing or 

confusions with non-target items. 

Concerning the SD, there were no effects of retro-

cue reliability, F(1, 24) = 0.37, p = .547, η𝑝
2  = .015, or 

validity, F(1, 24) = 0.06, p = .804, η𝑝
2  = .003. 

However, the interaction between cue reliability and 

validity was significant, F(1, 24) = 6.03, p = .022, η𝑝
2  

= .201. However, the difference between valid and 

invalid trials was not significant at 33% retro-cue 

reliability (24.9 vs. 25.7), t(24) = –0.91, pholm = .371, 

dz = –0.18 [–0.56, 0.21], nor at 70% cue reliability 

(26.1 vs. 25.1), t(24) = 1.90, pholm = .130, dz = 0.37 [–

0.02, 0.76].  

Discussion 

Experiment 2 was designed to address a limitation 

of Experiment 1, where the lack of evidence for an 

interaction between cue validity and reliability in the 

memory task raised the possibility of a ceiling effect. 

We reasoned that the relatively low task demands in 

Experiment 1 may have limited our ability to detect 

subtle effects of cue reliability. By increasing the 

difficulty of the memory task, we aimed to reveal 

modulations in memory performance based on cue 

reliability. 

In the search task, trials with valid retro-cues 

resulted in significantly faster RTs compared to 

invalid cues. Notably, there was no evidence for an 

effect of retro-cue reliability alone, suggesting that the 

reliability factor exerts its influence primarily through 

its interaction with cue validity. Importantly, an 

interaction between retro-cue reliability and validity 

was observed. This interaction indicates that the RT 

difference between valid and invalid cues was larger 

when retro-cue reliability was high: at 70% reliability, 

valid cues improved RTs by 150 ms on average while 

they only improved by 77 ms at 33% reliability. 

Interestingly, these results imply that even non-

predictive retro-cues can facilitate faster responses 

when valid, but that this benefit is substantially 

amplified as the cues become more reliable.  

For the memory task, the results similarly 

revealed a clear impact of retro-cue validity on recall 

error. Specifically, valid retro-cues resulted in 

significantly lower recall errors compared to invalid 

cues. At 33% reliability, the average recall error was 

37° for valid trials versus 53° for invalid ones, while 

at 70% reliability, the error further decreased to 29° for 

valid trials and increased to 58° for invalid ones. 

Again, although the main effect of cue reliability alone 

was not significant, the interaction between cue 

validity and reliability was significant, indicating that 

the benefit of valid retro-cues on recall accuracy was 

enhanced when retro-cues were more reliable. This 

pattern of results reinforces the conclusion that retro-

cues not only direct attention effectively but also 

significantly enhances the accuracy of VWM when 

deemed reliable.  
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These results indicate that resources are flexibly 

allocated, showing that the attentional and memory 

benefits from valid retro-cues strongly depend on the 

reliability of the retro-cue. Hence, our results favor a 

model with a more flexible allocation of working 

memory resources rather than one with an all-or-none 

activation mechanism. 

Experiment 3 

In Experiments 1 and 2, one of the two colors in 

the memory display was randomly selected for either 

the memory or the search task, and participants did not 

know in advance which would be probed. This 

uncertainty may have required them to maintain both 

items in a state capable of guiding attention, 

potentially increasing competition and leading to more 

diffuse allocation of memory resources. In Experiment 

3, we reduced this ambiguity by introducing fixed 

associations between item shape and task identity, 

such that one item served the search task and the other 

the memory task. This allowed us to distinguish 

between an attentional template and a non-template 

representation.  

According to the resource hypothesis, both types 

of representations can receive flexible amounts of 

memory resources based on their expected relevance. 

By manipulating retro-cue reliability for both items, 

we tested whether this flexibility extends equally to 

attentional templates and simple representations. If so, 

both should show similar patterns of cue validity 

effects as a function of cue reliability, supporting the 

view that graded resource allocation operates across 

different types of memory representations. 

Methods 

Participants  

In total, 30 participants took part in the 

experiment to acquire class credits. Six participants 

were excluded because they did not reach the inclusion 

criterion for the experiment, which was the same as in 

Experiment 1. The remaining 24 participants (age: M 

= 22.6 years, SD = 9.2, 3 males) all reported normal or 

corrected-to-normal vision. 

Stimuli and Procedure 

The stimuli and procedure were similar to 

Experiment 2, with a few modifications. There were 

only two shapes, a disk and a square that were 

presented 1.5 dva to the left and right of the fixation 

cross. Crucially, the square was associated with the 

search task and the disk with the memory task. In other 

words, when the search task occurred, the target shared 

its color with the square and, when the memory task 

occurred, the to-be-remembered color was always that 

of the disk. Moreover, since there were only two 

targets, the cue reliabilities were similar to Experiment 

1 (50% and 70%).  

Results 

RTs in search task 

As in Experiment 1 and 2, trials with anticipations 

or late responses (2% of the trials) were excluded. 

Incorrect responses accounted for 9% of the trials. We 

also removed trials with RTs deviating more than 2.5 

SD from the respective condition mean (3% of total 

trial). Figure 4 shows average RTs. There was a main 

effect of validity, F(1, 23) = 110.41, p < .001, η𝑝
2

 = 

.828, and an unexpected main effect of cue reliability, 

F(1, 23) = 10.24, p = .004, η𝑝
2  = .308. There was also 

an interaction effect between cue reliability and 

validity, F(1, 23) = 65.37, p < .001, η𝑝
2  = .740, 

showing that the difference between valid and invalid 

cues was smaller with 50% retro-cue validity than with 

70% (96 vs. 248 ms). The difference between invalid 

and valid trials was significant with 50% reliability 

(753 vs. 657 ms), t(23) = 7.85, pholm < .001, dz = 1.60 

[1.00, 2.21], and with 70% reliability (865 vs. 617 ms), 

t(23) =10.46, pholm < .001, dz = 2.13 [1.41, 2.86]. 

Recall error in the memory task  

Figure 4 shows average recall error. There was a 

main effect of validity, F(1, 23) = 42.45, p < .001, η𝑝
2

 

= .649, an unexpected main effect of cue reliability, 

F(1, 23) = 14.12, p = .001, η𝑝
2

 = .380, and an 

interaction between retro-cue validity and reliability, 

F(1, 23) = 56.18, p < .001, η𝑝
2

 = .710, demonstrating 

that the difference between valid and invalid cues was 

smaller with 50% retro-cue validity than with 70% (5° 

vs. 16°). The difference between invalid and valid 

trials was significant with 50% reliability (24° vs. 19°), 

t(23) = 3.99, pholm < .001, dz = 0.81 [0.35, 1.28], and 

with 70% reliability (32° vs. 16°), t(23) = 7.60, pholm < 

.001, dz = 1.55 [0.96, 2.14]. 
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Exploratory analyses 

Accuracy in the search task  

As in previous experiments, we analyzed 

accuracy in the search task to ensure that RTs were not 

traded off against response accuracy. There was a main 

effect of validity, F(1, 23) = 47.27, p < .001, η𝑝
2

 = .673, 

but no main effect of cue reliability, F(1, 23) = 7.74, p 

= .011, η𝑝
2  = .252. The interaction between retro-cue 

validity and reliability was significant, F(1, 23) = 

27.10, p < .001, η𝑝
2  = .541, revealing that the 

difference between valid and invalid cues was smaller 

with 50% retro-cue validity than with 70% (0.07 vs. 

0.13). The difference between valid and invalid trials 

was significant with 50% reliability (0.95 vs. 0.88), 

t(23) = –5.38, pholm < .001, dz = –1.10 [–1.61, –0.59] 

and with 70% reliability (0.96 vs. 0.83), t(23) = –7.35, 

pholm < .001, dz = –1.50 [–2.08, –0.92]. 

RTs in the memory task  

We analyzed RTs in the color wheel task to 

explore whether retro-cue reliability and validity 

influenced the speed of memory-based responses. As 

before, we excluded trials with RTs below 500 and 

above 4000 ms (5% of trials). RTs were shorter with 

valid than invalid retro-cues (1844 ms vs. 2008 ms), 

F(1, 23) = 58.76, p < .001, η𝑝
2

 = .719. The main effect 

of cue reliability, F(1, 23) = 0.57, p = .459, η𝑝
2

 = .024, 

was not significant, but the interaction was, F(1, 23) = 

44.02, p < .001, η𝑝
2  = .657. The difference between 

valid and invalid cues was smaller with 50% (1921 vs. 

1992 ms), t(23) = 4.09, pholm < .001, dz = 0.84 [0.37, 

1.30], than with 70% retro-cue validity (1792 vs. 2038 

ms), t(23) = 8.43, pholm < .001, dz = 1.72 [1.09, 2.35]. 

Swap Model  

For guess rates (Pguess), there was no main effect 

of the retro-cue reliability, F(1, 23) = 0.75, p = .394, 

η𝑝
2  = .032, and no interaction between the retro-cue 

reliability and validity, F(1, 23) = 0.41, p = .527, η𝑝
2  = 

.018. However, contrary to the previous two 

experiments, there was a main effect of validity, F(1, 

23) = 21.53, p < .001, η𝑝
2  = .484, indicating larger 

guess rates for invalid than valid retro-cues (.120 vs 

.040). The mean guess rate was .08. 

For swap rates (Pswap), there was no main effect of 

retro-cue reliability, F(1, 23) = 0.90, p = .353, η𝑝
2  = 

.038, and the interaction between cue reliability and 

cue validity, F(1, 23) = 3.76, p = .065, η𝑝
2  = .141 was 

not significant either. Similar to Experiment 1, the 

main effect of validity was significant, F(1, 23) = 6.84, 

p = .016, η𝑝
2  = .229, suggesting larger Pswap for invalid 

Figure 4. Results from Experiment 3. 

Note. Left panel shows average RTs (expressed in ms) as a function of cue reliability and validity. Right panel shows 

average recall error (expressed in degrees) as a function of cue reliability and validity. Error bars represent 95% within-

participant CIs, calculated using Cousineau’s (2005) method with Morey’s (2008) correction. 
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than valid retro-cues (.04 vs .02). The mean swap rate 

was .03. Taken together with the mean guess rate (.08), 

this indicates that approximately 11% of responses 

were not attributed to the target item, either due to 

random guessing or confusion with a non-target. 

For SDs, results again converge with those of 

Experiment 1 in that there was no effect of retro-cue 

reliability, F(1, 23) = 3.52, p = .073, η𝑝
2  = .133, but a 

main effect of cue validity, F(1, 23) = 28.55, p < .001, 

η𝑝
2  = .554, and an interaction between the cue 

reliability and cue validity, F(1, 23) = 10.03, p = .004, 

η𝑝
2  = .304. For the 50% cue reliability, invalid trials 

had a higher SD than valid trials (19 vs. 17), t(23) = 

2.55, pholm = .018, dz = 0.52 [0.09, 0.95], and this 

difference increased with 70% cue reliability (22 vs. 

16), t(23) = 5.29, pholm < .001, dz = 1.08 [0.58, 1.58].  

Discussion 

In Experiment 3, we examined how retro-cue 

reliability modulates performance when participants 

retained explicit color–task associations. In this 

paradigm, the retro-cue signaled not only the color that 

would be probed but also the task that was to be 

executed (i.e., a square indicated the search task, and a 

disk indicated the color wheel task). This dual 

information allowed us to investigate whether 

increasing cue reliability would systematically bias 

VWM resources toward the cued item and task. 

For the search task, our results revealed a main 

effect of retro-cue validity indicating a benefit of valid 

retro-cues on search RTs. There was also a main effect 

of retro-cue reliability, and, critically, an interaction 

between cue reliability and validity. Specifically, the 

performance benefit for valid cues was enhanced when 

reliability increased: the RT difference between valid 

and invalid trials was larger at 70% cue reliability 

compared to 50%. This difference seems mainly 

driven by a larger cost of invalid cues in the 70% 

condition compared to the 50% condition, but there 

was also a modest increase in performance for valid 

trials. The interaction highlights that cue reliability 

plays a powerful role in dynamically modulating the 

prioritization of items in working memory, rather than 

merely boosting performance across the board. 

A similar pattern emerged in the memory task. 

Valid retro-cues led to lower recall error than invalid 

retro-cues. Higher retro-cue reliability also had a 

significant main effect on memory precision, but both 

main effects were modulated by an interaction. At 

70% reliability, the difference between valid and 

invalid trials in recall error was much more 

pronounced than at 50% reliability, showing that when 

the retro-cue was highly reliable, participants not only 

remembered the cued color more precisely in valid 

trials but also suffered a larger decrement in accuracy 

in invalid trials. These results confirm that increasing 

cue reliability systematically intensifies the bias in 

resource allocation in VWM. 

Overall, results from both search and memory 

tasks are consistent with the predictions of the resource 

hypothesis of working memory. They suggest that 

retro-cue benefits are not merely about enhancing the 

representation of a particular color but also about 

dynamically reallocating limited VWM resources in 

accordance with task-specific demands. When cue 

reliability is high, the cost-benefit tradeoff becomes 

more extreme, improving performance in valid trials 

while impairing it in invalid trials. This graded 

modulation of performance by cue reliability contrasts 

with models that do not predict an influence of retro-

cue reliability on VWM allocation. Thus, Experiment 

3 extends our previous findings by demonstrating that 

the dual role of the retro-cue (indicating both stimulus 

identity and task relevance) leads to a more 

pronounced bias in VWM resources, in line with the 

predictions of the resource hypothesis.  

General Discussion 

Across three experiments, we tested whether the 

resource hypothesis proposed by Huynh Cong and 

Kerzel (2021) offers a more powerful account of how 

attentional templates operate in VWM compared to the 

state-based model put forward by Olivers et al. (2011). 

Overall, our findings converge on the conclusion that 

attentional resources can be flexibly shared among 

multiple items, with the amount of resources allocated 

depending on the probabilistic validity (i.e., relevance) 

of those items during search or memory tasks. This 

flexible, gradable allocation is not easily captured by a 

strict dual-state framework, which posits that only one 

representation can be in an active, template-like state 

at a time, whereas all other representations remain in 

an accessory state until switched into the active one.  

The first experiment examined the effect of retro-

cue validity and cue reliability on both a visual search 

task and a continuous recall task. While the results 

showed that participants performed better under valid 

cue conditions than invalid ones, the effect of cue 

reliability manifested itself only in the search task 

through its interaction with validity. This pattern 

aligns with the resource hypothesis (Huynh Cong & 

Kerzel, 2021) indicating that VWM resources are 
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preferentially allocated to the more likely relevant 

representation.  

We believe that the continuous-recall task in 

Experiment 1 was too easy, therefore leading to a 

potential ceiling effect that may have erased the need 

to rely on the cue. Therefore, to address this limitation 

we increased task difficulty in Experiment 2 in order 

to allow us to detect potential effects. As in the first 

experiment, participants performed significantly better 

under valid retro-cue conditions, and higher cue 

reliability produced a more pronounced advantage for 

valid cues. Conversely, invalid cues hindered 

performance more when they were informative, 

highlighting a selective, probability-based resource 

allocation. The interaction between cue reliability and 

validity further corroborated the resource hypothesis. 

This challenges the assumption of the state-based 

framework that only one template at a time can guide 

attention effectively. Instead, they suggest that 

multiple representations can simultaneously guide 

search, with performance scaled by the distribution of 

VWM resources (Franconeri et al., 2013; Ma et al., 

2014; Huynh Cong & Kerzel, 2021).  

Finally, in Experiment 3, participants had to 

maintain two task-relevant items in working memory: 

one associated with the search task and the other with 

the memory task, while using the retro-cue to estimate 

which item would most likely be tested. The known 

mapping between shape and task allowed participants 

to anticipate the role of each item and distribute their 

memory resources accordingly. Once again, both the 

search and memory tasks revealed a highly significant 

interaction between cue reliability and cue validity. 

Higher cue reliability (70%) yielded better 

performance under valid cues and poorer performance 

under invalid cues, which was also true for lower cue 

reliability (50%), but to a lesser degree. This pattern 

was observed not only in the search task but also in the 

memory task, supporting the view that retro-cue 

reliability drives a flexible and graded allocation of 

memory resources to representations interacting with 

search and representations without such interactions.  

Taken together, the results from all three 

experiments provide converging evidence for a 

resource-based account of VWM, in which attentional 

templates are not constrained by a strict dichotomy of 

“active” versus “accessory” states. Instead, resources 

are flexibly allocated based on the probabilistic 

relevance of items, yielding fine-grained effects on 

both attention and memory performance. 

Nevertheless, it is worth examining whether some 

aspects of our findings could also be interpreted within 

the dual-state framework proposed by Olivers et al. 

(2011). One could argue that, depending on cue 

reliability, participants may alternate more or less 

rapidly between different representations in an effort 

to prioritize potential targets. In this view, a cued 

representation may have a higher probability of being 

switched into the active state when cue reliability is 

high.  

While this account may accommodate 

performance differences in the search task, it struggles 

to explain the differences observed in the memory 

task, particularly those related to the precision of 

recall. The state-based model does not include a 

mechanism for allocating memory resources in a 

probabilistic or continuous manner; rather, it assumes 

a discrete switch between active and accessory states. 

Although our design tested only two levels of cue 

reliability (50% vs. 70%, or 33% vs. 70%), the 

observed performance patterns are more consistent 

with resource hypothesis, which predicts flexible and 

continuous allocation of VWM resources based on the 

inferred relevance of each item. 

Another limitation is that task difficulty varied 

simultaneously across both tasks, making it difficult to 

disentangle the effects of difficulty on each task 

independently. Moreover, we only employed two 

reliability levels per experiment (i.e., non-predictive 

vs. moderately predictive) and we did not have a 

neutral- or no-retro-cue condition.  

In addition, while our results strongly indicate that 

multiple attentional templates can be maintained in 

parallel, further work is needed to explore the 

boundary conditions of this flexibility. For instance, 

exploring the role of perceptual similarity between 

targets, individual differences in VWM capacity, or 

the timing of retro-cue presentation could shed more 

light on how resources are dynamically reallocated 

over time. 

More broadly, our findings reinforce the 

theoretical strength of the resource hypothesis by 

aligning it with contemporary frameworks of 

cognition. The idea that VWM templates are 

dynamically prioritized based on contextual 

probabilities is consistent with recent views proposing 

that attentional and working memory templates are 

flexible, context-sensitive representations rather than 

fixed entities (Kristjánsson, 2023). Our findings align 

with theories such as predictive coding and Bayesian 

inference (Chetverikov & Kristjánsson, 2022; Ma et 
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al., 2014), which suggest that internal representations 

are continuously updated based on the integration of 

expectations and sensory evidence. From this 

perspective, retro-cues do not merely switch items into 

a fixed “active” state but serve as probabilistic signals 

that bias the distribution of limited cognitive 

resources. These insights not only advance our 

understanding of attentional control in VWM but also 

align with broader theoretical trends in cognitive 

science that emphasize probabilistic, flexible, and 

context-sensitive mechanisms of internal 

representation. 

Constraints on Generality 
The participants in our study were undergraduate 

psychology students from the University of Geneva, 

all of whom were adults, with a majority being young 

women. As such, the generalizability of our findings 

to broader age groups, educational backgrounds, or 

cultural contexts remains uncertain. Moreover, our 

experimental design employed a specific form of 

retro-cueing based on color-location associations and 

manipulated cue reliability within a limited range 

(33% to 70%). Different cueing modalities, feature 

dimensions, or levels of cue reliability might yield 

different results. Thus, caution is warranted when 

extending these conclusions to other populations, task 

formats, or attentional cueing paradigms. 
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