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Abstract

The aim of this study was to examine whether peripheral information facilitates proactive 

processes during multitasking. For this purpose, peripheral information was presented regularly 

during multitasking and its effects on the performance of a tracking task (main task: reactive 

process) and a discrimination task (sub-task: proactive process) were examined. Experiment 1 

presented peripheral information (white circles) in the same sensory modality (visual) as the 

information used for multitasking and the number of circle presentations was manipulated. In 

Experiment 2, a pure tone (auditory) was presented as peripheral information. We found that, in 

both experiments, the difficulty of the tracking task influenced discrimination performance, 

showing that as the difficulty of the tracking task (reactive process) increased, more cognitive 

resources were consumed in the tracking task, resulting in a decrease in cognitive resources 

available for the discrimination task (proactive process). In addition, regular presentation of 

peripheral information facilitated discrimination task performance in both experiments. 

Interestingly, this peripheral information also facilitated the tracking task performance (reactive 

process) even if the tracking task was difficult. Moreover, this promoting effect of the peripheral 

information occurred regardless of the sensory modality. This study revealed that processing of 

peripheral information facilitates the proactive process even if more cognitive resources are 

consumed, and that this facilitating effect does not conflict with multitasking and provides a 

margin of cognitive resources and also facilitates the reactive process. Our results provide 

evidence of how peripheral information and cognitive resources are used during multitasking.

Keywords: Prediction; Peripheral information; Dual mechanism of cognitive control theory; 

Perceptual load theory
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1. Introduction

Prediction is one of the main cognitive functions of the brain. We adapt to the environment 

by predicting a subsequent event, detecting a gap between a prediction and an event, and 

correcting the prediction (e.g., Friston, 2010; Clark, 2013). To correct this gap, improved 

prediction accuracy minimizes prediction errors and reduces the cost of correcting predictions 

and behaviors. Previous prediction studies reported that peripheral information in the 

environment improves predictions for subsequent events. Specifically, peripheral information 

related to a subsequent event (task-relevant information) makes it easier to predict that event. For 

example, cues to the appearance of a stimulus in a particular space or to characteristics of a 

stimulus, such as color, facilitate responses to and discrimination of subsequent stimuli (e.g., 

Folk, Remington, & Johnston, 1992; Posner, 1980; Treisman, 1988; Wolfe, 2014). In parallel, 

recent studies reported that even information that is not directly related to the subsequent event 

(task-irrelevant information) influences the predictions for this event. For example, the multiple 

and regular presentation of task-irrelevant stimuli facilitates temporal prediction and feedback 

processing for a subsequent stimulus even if it is not related to the location or characteristics of 

the subsequent stimulus (e.g., Kimura, 2023; Kimura & Katayama, 2020; Kimura & Kimura, 

2016). For example, during a color-discrimination task, the reaction time for the color-

discrimination task is shortened when visual stimuli are presented repeatedly until the 

discrimination stimulus is presented, even if this stimulus is not predictive of subsequent 

stimulus color (Kimura, 2023). This result is considered to be an improvement in the prediction 
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accuracy of task-related stimuli using peripheral information not directly related to the task. This 

facilitation of prediction by regular presentations of a peripheral stimulus is likely generated by 

predictive coding based on tracking the regularities between peripheral information and 

subsequent events (Clark, 2013; Mento, 2013). Previous studies on predictive coding have 

proposed that perceptual inference to input information and perceptual learning of the context of 

input information are the basis of prediction (Friston, 2005, Friston, 2009). Perceptual inference 

is a process related to the property of the input stimulus, and perceptual learning is a process 

related to the context and pattern of the stimulus. The presentation pattern of the stimulus is 

predicted by perceptual learning, and it is interpreted that the regular presentation of the 

peripheral stimulus reduces the uncertainty regarding the presentation pattern and facilitates the 

prediction of subsequent events (Kimura, 2023).

This peripheral information (both task-relevant and task-irrelevant information) is related 

to processing multiple types of information in daily life. In daily life, we need to process multiple 

types of information in parallel. For example, in the case of driving a car, it is necessary to 

control the steering wheel and depress the accelerator, and in parallel, to prepare to depress the 

brake pedal in anticipation of the deceleration of a vehicle ahead or of a person running out into 

the street. Based on the dual mechanism of cognitive control (DMC) theory (Braver, 2012; 

Braver, Gray, & Burgess, 2007), parallel information processing and peripheral information 

processing are thought to be carried out by two types of information processing: reactive and 

proactive processes. Each process is defined as follows (Braver, 2012): reactive process: 
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"attention is recruited as a ‘late correction’ mechanism that is mobilized only as needed, in a just-

in-time manner, such as after a high interference event is detected (pp. 2)"; proactive process: 

"goal-relevant information is actively maintained in a sustained manner, before the occurrence of 

cognitively demanding events, to optimally bias attention, perception and action systems in a 

goal-driven manner (pp. 2)."  For example, in the Stroop task, the reactive process is thought to 

be a strategy for detecting interference between words and colors and then resolving this 

interference in a just-in-time manner, whereas the proactive process is thought to be a strategy of 

sustained bias of ignoring the words and detecting the colors for the task. Thus, these processes 

are thought to be cognitive controls utilized in situations where processing conflicts occur. In 

addition, these processes have been extended to include complementary trade-offs of cognitive 

resources between tasks, not limited to intra-task interference (Braver, 2012). For example, when 

driving a car, information that is directly related to the current action, such as accelerator pedal 

operation while driving, is prioritized. The accelerator pedal operation is continuous, but fine 

tuning of the accelerator pedal operation is required to maintain the distance from the car in 

front. In other words, it is necessary to react whenever the car in front decelerates or accelerates 

(reactive process). In addition, in some cases, information not directly related to the current 

actions may be processed to prepare for future events, such as a driver deciding which lane to 

drive in given future traffic conditions (proactive process). In this situation, each process is a 

relationship of complementary trade-offs, where consuming cognitive resources for the reactive 

process depletes cognitive resources for the proactive process (and vice versa). Thus, reactive 
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and proactive processes share cognitive resources and need to switch between these processes in 

a timely manner. The current study aimed to examine whether task-irrelevant information 

influences reactive and proactive processes during multitasking. Here, we set a tracking task as a 

task for a reactive process that constantly processes information about current target movements 

for target tracking. We also set a detection task for a proactive process that predicts the timing of 

the presentation in preparation for the future presentation of colored circles.

It is unclear what determines the processing of peripheral information while facing task-

related information. To examine whether peripheral information is processed, it is necessary to 

consider the circumstances under which this information is processed. In the perceptual load 

theory (Lavie, 2005, 2010), it is proposed that task-irrelevant (peripheral) information is used so 

as not to miss useful information in the environment when participants have a margin of 

cognitive resources available during an easy task, whereas, during a difficult task, this 

information is not used because cognitive resources are used to focus on the task and maintain 

task performance. In parallel, DMC theory (Braver, 2012; Braver, Gray, & Burgess, 2007) 

suggests that when task demand is high, working memory processing is interrupted and the 

proactive process, which is peripheral information processing not directly related to the current 

behavior, does not occur. This is believed to be the case because cognitive resources are finite, 

and when multiple types of information are processed, cognitive resources are preferentially 

allocated to the processing of task-relevant information.
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In this high-demand situation, peripheral information may be utilized even during 

multitasking by efficiently processing limited cognitive resources. For example, the saliency map 

weights information according to the importance of peripheral information (relevance) and 

changes the priority of processing (e.g., Zelinsky & Bisley, 2015). Moreover, a recent study 

reported that task-irrelevant information is not processed uniformly but is preferentially 

processed immediately before a task-relevant stimulus or immediately after the start of a trial, 

even if the information is not related to the task (Kimura, 2023). Therefore, task-irrelevant 

information processed without conflicting with the processing of task-relevant information may 

reduce the working memory load in a proactive process. If this is true, providing task-irrelevant 

information that can be utilized efficiently (without conflicting with the processing of task-

relevant information) while multitasking may help leverage this information and predict future 

events.

The purpose of this study was to examine the hypothesis that peripheral information 

facilitates proactive processes during multitasking, especially when peripheral information is 

presented regularly. To test this hypothesis, we manipulated the peripheral information given 

during multitasking and examined the effects on task performances for the main task (reactive 

process) and the sub-task (proactive process). In Experiment 1, participants performed a tracking 

task to track a visual stimulus moving on the screen with a computer mouse (main task). In this 

tracking task, participants tracked the visual stimulus constantly, and were given ongoing 

feedback on their tracking performance. Therefore, the tracking task was set up as a reactive 
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process that requires a constant response to a tracking stimulus. In parallel, participants 

performed a discrimination task in response to a visual stimulus on the screen with a keyboard 

(sub-task). In this discrimination task, the color of the visual stimulus should be separately 

identified during the tracking task, and the frequency of presentation was about once every few 

seconds. Therefore, this discrimination task was set up as a proactive process that predicts and 

discriminates the appearance of a visual stimulus while performing a tracking task.

Peripheral stimuli were also presented during the multitasking of the tracking and 

discrimination tasks. Previous studies reported that the multiple and regular presentation of a 

peripheral stimulus facilitates the prediction of subsequent events (e.g., Kimura, 2023; Kimura & 

Katayama, 2020; Kimura & Kimura, 2016). Here, we presented the peripheral stimulus and 

manipulated its regularity. This peripheral stimulus was a white circle, and this stimulus did not 

predict the color of the visual stimulus for the discrimination task. The regularity of the 

peripheral stimulus was manipulated by the number of these stimuli. In the triple condition, a 

trial was composed of three peripheral stimuli and one subsequent discrimination task stimulus; 

therefore, peripheral stimuli were presented continually during the discrimination task. In the 

single condition, a trial was composed of one peripheral stimulus and one subsequent 

discrimination task stimulus; therefore, it had a long delay from the presentation of the peripheral 

stimulus to the appearance of the discrimination task stimulus. These two conditions of the 

number of the peripheral stimulus were administered in separate blocks. With this manipulation, 

we examined whether the regularity of peripheral information during multitasking facilitates 
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prediction for a proactive process. We predicted that if the regularity of peripheral stimuli 

facilitates the proactive process during multitasking, as shown in previous reports (e.g., Kimura, 

2023; Kimura & Katayama, 2020), the reaction time (RT) for the discrimination task under the 

triple condition will be shorter than under the single condition.

We also examined the performance of the tracking task during this multitasking to 

determine whether the peripheral information inhibits the main task (tracking task: reactive 

process). The use of cognitive resources in the proactive process may reduce the cognitive 

resources available for the reactive process and inhibit processing (Braver, 2012). Therefore, 

even if the regularity of the peripheral stimuli was useful for the discrimination task, if their 

processing depleted the cognitive resources available for the entire task (e.g., Kahneman, 1973), 

it is predicted the performance of the tracking task will decline due to a lack of cognitive 

resources available for the tracking task (main task). We examined whether the reactive process 

is inhibited by the proactive process by using peripheral information.

Furthermore, we examined the relationship between the difficulty of the main task and the 

use of peripheral information. According to the perceptual load theory (Lavie, 2005; 2010) and 

the DMC theory (Braver, 2012; Braver et al., 2007), as the difficulty of the main task (reactive 

process) increases, large amounts of cognitive resources are used and peripheral information 

(task-irrelevant information) may not be processed. We examined whether regular peripheral 

stimuli facilitate prediction for the proactive process (discrimination task) even when a large 

amount of cognitive resources is used for the main task. We controlled the difficulty of the main 
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task (tracking task) by the size, trajectory, and speed of the visual stimulus used for tracking. In 

the easy tracking task, the tracking stimulus, a large black square (visual angle: 3.8° by 3.8°), 

moved slowly (6.5 cm/s) in the horizontal direction only, and when this stimulus reached the 

edge of the monitor, it moved in the opposite direction. In the difficult tracking task, the tracking 

stimulus, a small black square (visual angle: 3.0° by 3.0°), moved fast (13 cm/s) and in a circular 

motion, and this motion changed to the opposite direction randomly. The two conditions of task 

difficulty were administered in separate blocks. With this manipulation, we examined the 

relationship between the difficulty of the main task and the peripheral information. If the 

difficulty of the main task is so high that peripheral stimuli are not processed (Lavie, 2005; 

2010), then it is predicted that the performance of the discrimination task would not differ 

between the triple and single conditions. On the other hand, if peripheral stimuli could be 

processed without conflicting with the multitasking (Kimura, 2023), then even if the difficulty of 

the tracking task is high, there is no shortage of cognitive resources available for the entire task, 

and the triple condition may facilitate the performance of the identification task by the effect of 

multiple and regular presentations of peripheral information (Kimura, 2023; Kimura & 

Katayama, 2020).

In Experiment 2, we further examined by using an auditory stimulus as a peripheral cue. 

The peripheral stimulus was a white circle in Experiment 1, and this stimulus did not predict the 

color of the visual stimulus for the discrimination task. However, attention to a visual modality 

might be increased because the peripheral stimuli (white circle) occur in the same sensory 
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modality as the discrimination task stimuli (color circle; e.g., Mondor & Amirault, 1998; Spence, 

2010). However, a previous study reported that peripheral information influences even different 

sensory modalities (Kimura & Katayama, 2020). Therefore, using auditory peripheral stimuli, we 

examined whether the promoting effect of peripheral information for the discrimination task 

(proactive process) was influenced by a specific sensory modality. In Experiment 2, only the 

sensory modality of the peripheral stimuli was modified from Experiment 1, and the main task 

(tracking task) and sub-task (discrimination task) were the same as in Experiment 1. This 

peripheral stimulus was a pure tone, and this stimulus did not predict the color of the visual 

stimulus for the discrimination task. If the influence from peripheral stimuli will decrease 

because the modality of these stimuli was different from that of the tasks (e.g., Mondor & 

Amirault, 1998; Spence, 2010), it is predicted that the performance of the tracking task and the 

discrimination task will not be influenced and will not differ between conditions. However, if the 

peripheral stimuli will have an influence even if the tasks occur in a different sensory modality 

(Kimura & Katayama, 2020), it is predicted that the performance of the tracking task and the 

discrimination task will be the same as in the Experiment 1. 
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2. Experiment 1

2.1. Method

2.1.1. Pre-registration

The procedure and analysis plan for Experiments 1 and 2 were pre-registered prior to data 

collection and can be found at https://osf.io/guja3.

2.1.2. Participants

Thirty-two undergraduate and graduate students (16 females, 16 males; age range: 19–25 

years; mean: 21.6 years (SD = 1.72)) participated in the experiment. This sample size was 

decided by a power analysis using R and the pwr.f2.test function in the pwr package (Champely 

et al., 2018). We set the alpha level, effect size and power beforehand and then determined a 

sample size. In the power analysis, the effect size was set to medium of f2 = 0.25 based on 

Kimura (2023), to a significance level of α = 0.05 and to a power of 1 – β = 0.80 for the two-way 

repeated measures analysis of variance (ANOVA) on tracking rate and RT (Cohen, 1992, 2013). 

All participants were right-handed, according to their self-report, and had normal or corrected-to-

normal vision. The participants were healthy adults and they did not report a history of 

psychiatric or neurological disease. This experiment was approved by the Institute of Scientific 

and Industrial Research’s Research Ethics Review Board under Osaka University Regulations. 
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Written informed consent was obtained from all participants, and their rights as experimental 

subjects were protected.

2.1.3. Stimuli and apparatus

The participants were seated and put their left hand on a keyboard and right hand on a 

computer mouse at the front of their desk. Black squares were used as tracking stimuli (visual 

angle for easy condition: 3.8° by 3.8°; visual angle for difficult condition: 3.0° by 3.0°); a black 

circle as a tracking pointer (visual angle: 0.5° by 0.5°), a white circle as a peripheral stimulus, 

and blue and red circles as detection task stimuli (visual angle: 3.8° by 3.8°). All were presented 

in the monitor against a gray background from an observation distance of 60 cm. The tracking 

stimulus and tracking pointer were presented continuously during the task. The duration of the 

presentation of these detection task stimuli was 200 ms. The presentation of stimuli was 

controlled with MATLAB R2010b (MathWorks, Inc.) and Psychtoolbox (Kleiner, Brainard, & 

Pelli, 2007) installed on a laptop computer (ThinkPad X1, Lenovo). In addition, a 23-inch LCD 

monitor (P2317H, Dell) was put on the desk to present these stimuli.

2.1.4. Procedure

Figure 1 illustrates the experimental procedure. In all conditions, participants performed the 

tracking task and the detection task in parallel. In the tracking task, they were instructed to track 

a black square as a tracking stimulus using by a black circle as a tracking pointer stimulus as 
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accurately as possible. The tracking pointer was synchronized with the movement of the 

computer mouse. When the tracking pointer stimulus overlapped with the tracking stimulus (i.e., 

when tracking was successful), the color of the tracking stimulus changed from black to white. 

Participants were asked to make the tracking stimulus as white as possible. In the detection task, 

the detection task stimuli (i.e., blue and red circles) were presented on the monitor. Participants 

were instructed to respond as quickly and accurately as possible to the blue and red circles by 

pressing the “f” or “j” key with their left index or middle finger, and they were required to ignore 

the white circles as peripheral stimuli. Half of the participants used the “f” key to respond to the 

blue circles and the other half used the “j” key. The presentation probability of detection task 

stimuli, i.e., the presentation probability of blue or red circles, was equal, and this information 

was told to participants before the block. The peripheral stimulus did not predict which color of 

detection task stimulus would be presented.

The conditions were distinguished by the difficulty of the tracking task and presentation of 

the peripheral stimulus, and this presentation was administered in separate blocks. In the easy-

triple condition, a trial was composed of an easy tracking task and detection task with three 

peripheral stimuli. The large black square as tracking stimulus (visual angle: 3.8° by 3.8°) moved 

slowly (6.5 cm/s) and only in the horizontal direction, and this stimulus moved in the opposite 

direction when it reached the edge of the monitor (easy tracking task). In parallel, a blue or red 

circle as detection task stimulus was presented and three white circles as peripheral stimuli were 

presented during this stimulus (triple condition). The stimulus interval (SOA) for detection task 
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was set to 1,000 ms; therefore, the SOA from the first peripheral stimulus to the detection 

stimulus was 3,000 ms. In the easy-single condition, a trial was composed of an easy tracking 

task and detection task with one peripheral stimulus. The blue or red circle as detection task 

stimulus was presented and one white circle as peripheral stimulus was presented during this 

stimulus (single condition) in parallel for the easy tracking task. The SOA for the detection task 

was set to 3,000 ms; therefore, the SOA from the peripheral stimulus to the detection task 

stimulus was 3,000 ms. In the difficult-triple condition, a trial was composed of a difficult 

tracking task and detection task under the triple condition. The small black square as tracking 

stimulus (visual angle: 3.0° by 3.0°) moved fast (13 cm/s) and in a circular motion, and this 

motion changed to the opposite direction randomly (difficult tracking task). In parallel, 

participants performed a detection task under the triple condition. In the difficult-single 

condition, a trial was composed of a difficult tracking task and detection task under the single 

condition.

Each condition was composed of 80 trials (presentation of blue circle for detection task: 40 

trials; presentation of red circle for detection task: 40 trials), which took approximately 6 min. 

One block was presented for each condition; therefore, the overall number of trials was 320 trials 

per participant. The interval between blocks was 2 min, and after the two blocks, the participants 

rested for 10 min and then started the remaining two blocks. The order of conditions was 

randomized between participants.
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In the experiment room, the participants were asked to sit in a chair and to place their left 

hand on a keyboard and right hand on a computer mouse at the front of their desk. They were 

required to not move their eyes and bodies more than necessary in each condition.

2.1.5. Data analyses

The performance of the tracking task was calculated as the percentage of successful 

tracking (tracking rate). The ratio of how many frames in which the tracking pointer overlapped 

in the tracking stimulus was calculated for each trial of the detection task, and the average 

percentage was calculated for each condition. The performance of the detection task was 

calculated as reaction times (RTs) for the detection task stimulus.1 Participants were removed if 

their task performance for the tracking task was less than 50% under the easy condition, because 

it is thought that they could not perform this task even under easy conditions. In addition, trials 

were removed for each participant if they had outlier RTs of less than 200 ms or more than 1500 

ms, as followed by Kimura (2021). After data removal, no additional participants were removed 

and the numbers of remaining trials ranged from 69 to 80 (0–14% removed), 77 to 80 (0–4% 

removed), 62 to 80 (0–23% removed), and 65 to 80 (0–19% removed) for the easy-triple 

condition, easy-single condition, difficult-triple condition, and difficult-single condition, 

respectively. These indexes were assessed with a two-way repeated measures ANOVA (2 

difficult for tracking task (easy and difficult) × 2 peripheral stimulus for detection task (triple and 

single)). These ANOVAs were conducted by applying Greenhouse-Geisser corrections to the 
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degrees of freedom (Greenhouse & Geisser, 1959) when Mauchly's sphericity test was 

significant. The effect sizes have been indicated in terms of partial eta squared (η ). Post hoc 2
 
 
p

comparisons were made using Shaffer's modified sequentially rejective multiple test procedure, 

which extends Bonferroni t tests in a stepwise fashion (Shaffer, 1986). The significance level 

was set at α = .05 for all statistical analyses.

2.2. Results

2.2.1. Tracking task

Figure 2 (a) illustrates the tracking rates of all participants. The averaged tracking rates of 

all participants were 97.96% (SE = 0.003), 96.90% (SE = 0.004), 65.62% (SE = 0.014), and 

60.94% (SE = 0.013) for the easy-triple condition, easy-single condition, difficult-triple 

condition, and difficult-single condition, respectively. The results of the ANOVA for averaged 

tracking rate revealed that the main effect of difficulty was significant (F(1, 31) = 1049.01, p 

< .001, η  = .97), and that the tracking rate of the easy condition was higher than that of the 2
 
 
p

difficult condition. Moreover, the main effect of peripheral stimulus was significant (F(1, 31) = 

52.08, p < .001, η  = .63), and the tracking rate of the triple condition was higher than that of the 2
 
 
p

single condition. Furthermore, the interaction of difficulty and peripheral stimulus was 

significant (F(1, 31) = 23.48, p < .001, η  = .43). Post hoc comparisons showed that the tracking 2
 
 
p

rate of the triple condition was higher than that of the single condition in each difficulty 
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condition (ps < .05; easy condition: d = .22; difficult condition: d = .72). In addition, the tracking 

rate of the easy condition was higher than that of the difficult condition in each peripheral 

stimulus condition (ps < .05; single condition: d = 6.35; triple condition: d = 4.23).

2.2.2. Detection task

Figure 2 (b) illustrates RTs of all participants. The averaged RTs of all participants were 

610 ms (SE = 0.011), 635 ms (SE = 0.011), 638 ms (SE = 0.013), and 684 ms (SE = 0.010) for 

the easy-triple condition, easy-single condition, difficult-triple condition, and difficult-single 

condition, respectively. The results of the ANOVA for averaged RTs revealed that the main 

effect of difficulty was significant (F(1, 31) = 53.54, p < .001, η  = .63), and that the RT of the 2
 
 
p

easy condition was shorter than that of the difficult condition. Moreover, the main effect of 

peripheral stimulus was significant (F(1, 31) = 44.11, p < .001, η  = .59), and the RT of the triple 2
 
 
p

condition was shorter than that of the single condition. Furthermore, the interaction of difficulty 

and peripheral stimulus was significant (F(1, 31) = 8.37, p = .007, η  = .21). Post hoc 2
 
 
p

comparisons showed that the RTs of the triple condition were shorter than those of the single 

condition in each difficulty condition (ps < .05; easy condition: d = .38; difficult condition: d 

= .51). In addition, the RTs of the easy condition were shorter than those of the difficult 

condition in each peripheral stimulus condition (ps < .05; single condition: d = .74; triple 

condition: d = .31).
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2.3. Discussion

Experiment 1 aimed to investigate whether task-irrelevant information facilitates a 

proactive process during multitasking in which a tracking task is the main task (reactive process) 

and a discrimination task is the sub-task (proactive process). For this purpose, the performances 

of multiple types of tasks were examined from three viewpoints. First, to examine the influence 

of peripheral information on the proactive process, RTs for a discrimination task (proactive 

process) were compared between the triple condition and the single condition during 

multitasking. Second, to confirm whether the peripheral information inhibits the main task as the 

tracking task (reactive process), the tracking rates for the tracking task were compared between 

conditions during multitasking. Third, to examine the relationship between the difficulty of the 

main task and the peripheral information, tracking rates for tracking task and RTs for the 

discrimination task were compared for a combination of difficulty level (easy and difficult) and 

peripheral information (triple and single).

The RTs for the discrimination task under the easy condition were shorter than under the 

difficult condition. This condition of difficulty was a factor for the tracking task; therefore, it is 

thought that the task difficulty for the tracking task (main task) was appropriately manipulated, 

and as the task difficulty for the main task increased, more cognitive resources were consumed in 

the main task (e.g., Kahneman, 1973), resulting in a decrease in cognitive resources available for 

the discrimination task (sub-task). Moreover, RTs for the discrimination task under the triple 

condition were shorter than under the single condition. The only difference between the 
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peripheral conditions was the number of peripheral stimuli preceding the discrimination task 

stimulus, and these stimuli did not function as cues for distinguishing the color of peripheral 

stimuli. Previous studies reported that peripheral information facilitates the prediction of 

subsequent events (e.g., Kimura & Katayama, 2020; Kimura & Kimura, 2016) and the RTs 

(Kimura, 2023). This result corresponds to the first viewpoint, suggesting that peripheral 

information facilitates the proactive process even if participants perform multiple types of tasks. 

Interestingly, this promoting effect for the proactive process by regular presentations of 

peripheral information occurred under both difficulty conditions. A previous study reported that 

cognitive resources were allocated efficiently for peripheral stimuli during a discrimination task 

for peripheral stimuli (Kimura, 2023). In our study, the promoting effect under the triple 

condition can be interpreted as a result that peripheral stimuli were processed without interfering 

with the multitasking under the triple condition. This result corresponds to the second viewpoint; 

it is thought that efficient processing of peripheral stimuli allowed the processing of these stimuli 

under the difficult condition with limited cognitive resources, resulting in this promoting effect.

The tracking rates for the tracking task under the easy condition were higher than under the 

difficult condition. This result showed that the task difficulty for the tracking task was 

appropriately manipulated. Moreover, tracking rates for the tracking task under the triple 

condition were higher than under the single condition, and interestingly, the promoting effect for 

the reactive process occurred under both difficulty conditions. Taken together with the RT results 

of the discrimination task, this result corresponds to the third viewpoint, it can be interpreted that 
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efficient processing of task-irrelevant stimuli under the triple condition provided a margin of 

cognitive resources, and the use of this margin improved the performance of the tracking task.

Taking the results of Experiment 1 together, the proactive process was facilitated by task-

irrelevant information during the multitasking, and this promoting effect occurred even if the 

reactive process was difficult and required more cognitive resources. Moreover, this benefit to 

the proactive process also facilitated the performance of the reactive process. These results 

suggest that efficient processing of peripheral information facilitates the proactive process even 

if more cognitive resources are consumed. This promoting effect would provide a margin of 

cognitive resources and facilitates the reactive process. 

3. Experiment 2

3.1. Method

3.1.1. Participants

Thirty-two undergraduate and graduate students (16 females, 16 males; age range: 19–25 

years; mean: 21.6 years (SD = 1.72)) participated in the experiment. All of them also participated 

in Experiment 1 on the same day after a 15-minute break: the order of Experiments 1 and 2 was 

counterbalanced.
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3.1.2. Stimuli and apparatus

Except for the peripheral stimulus, the stimuli and stimulus devices were identical to those 

used in Experiment 1. The pure tone as a peripheral stimulus (1000 Hz, 75db/SPL) was 

presented via an audio interface (OCTA-CAPTURE UA-1010, Roland) and headphones (MDR-

CD900ST, SONY). The duration of this stimulus was 200 ms.

3.1.3. Procedure

Figure 3 illustrates the experimental procedure. The task, procedure, instructions, and 

conditions were identical to those used in Experiment 1 except for the kind of modality of the 

peripheral stimulus.

3.1.4. Data analyses

As in Experiment 1, the participants were not removed and the numbers of remaining trials 

ranged from 72 to 80 (0–10% removed), 62 to 80 (0–23% removed), 66 to 80 (0–18% removed), 

and 62 to 80 (0–23% removed) for the easy-triple condition, easy-single condition, difficult-

triple condition, and difficult-single condition, respectively. The tracking rates and RTs were 

calculated and these indexes were assessed with a two-way repeated measures ANOVA (2 

difficult for tracking task × 2 peripheral stimulus for detection task). The corrections to the 
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degrees of freedom, effect sizes, post hoc comparisons and significance level were calculated 

using the same method as in Experiment 1.

3.2. Results

3.2.1. Tracking task

Figure 4 (a) illustrates tracking rates of all participants. The averaged tracking rates of all 

participants were 97.37% (SE = 0.005), 97.67% (SE = 0.003), 67.33% (SE = 0.014), and 65.69% 

(SE = 0.017) for the easy-triple condition, easy-single condition, difficult-triple condition, and 

difficult-single condition, respectively. The results of the ANOVA for averaged tracking rate 

revealed that the main effect of difficulty was significant (F(1, 31) = 654.21, p < .001, η  = .95), 2
 
 
p

and that the tracking rate of the easy condition was higher than that of the difficult condition. 

Moreover, the main effect of peripheral stimulus was significant (F(1, 31) = 4.45, p = .043, η  2
 
 
p

= .13), and the tracking rate of the triple condition was higher than that of the single condition. 

Furthermore, the interaction of difficulty and peripheral stimulus was significant (F(1, 31) = 

7.64, p = .010, η  = .20). Post hoc comparisons showed that the tracking rate of the triple 2
 
 
p

condition was higher than that of the single condition in the difficult condition (p < .05, d = .21). 

In addition, the tracking rate of the easy condition was higher than that of the difficult condition 

in each peripheral stimulus condition (ps < .05; single condition: d = 4.72; triple condition: d = 

3.29).
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3.2.2. Detection task

Figure 4 (b) illustrates RTs of all participants. The averaged RTs of all participants were 

603 ms (SE = 0.011), 634 ms (SE = 0.010), 610 ms (SE = 0.011), and 667 ms (SE = 0.012) for 

the easy-triple condition, easy-single condition, difficult-triple condition, and difficult-single 

condition, respectively. The results of the ANOVA for averaged RTs revealed that the main 

effect of difficulty was significant (F(1, 31) = 16.61, p < .001, η  = .35), and that the RT of the 2
 
 
p

easy condition was shorter than that of the difficult condition. Moreover, the main effect of 

peripheral stimulus was significant (F(1, 31) = 84.23, p < .001, η  = .73), and the RT of the triple 2
 
 
p

condition was shorter than that of the single condition. Furthermore, the interaction of difficulty 

and peripheral stimulus was significant (F(1, 31) = 14.74, p < .001, η  = .32). Post hoc 2
 
 
p

comparisons showed that the RTs of the triple condition were shorter than those of the single 

condition in each difficulty condition (ps < .05; easy condition: d = .48; difficult condition: d 

= .65). In addition, the RTs of the easy condition were shorter than that of the difficult condition 

in single condition (p < .05, d = .51).

3.3. Discussion

Experiment 2 aimed to investigate whether the effect of Experiment 1 occurs even for a 

different sensory modality by using an auditory stimulus as the peripheral stimulus. Overall, this 

promoting effect occurred for the proactive process and reactive process also Experiment 2. 

Previous studies reported that cognitive resources are shared among the different sensory 
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modalities when these resources are allocated for task-based attention (e.g., Spence, Ranson, & 

Driver, 2000; Wahn & König, 2015, 2017). This explanation for the sharing of cognitive 

resources corresponds to our results that efficient processing of peripheral information facilitates 

the proactive process even if more cognitive resources are consumed. This efficient promoting 

effect provides a margin of cognitive resources and facilitates the reactive process. These results 

suggest that the promoting effect of the peripheral information increases the performance of the 

proactive process and the reactive process regardless of the sensory modality.

4. General Discussion

The aim of this study was to examine whether peripheral information facilitates a proactive 

process during multitasking. For this purpose, peripheral information was presented during 

multitasking and the effects on task performances for the main task (reactive process) and a sub-

task (proactive process) were examined. In Experiment 1, the stimuli of these processes and 

peripheral information were presented in the same sensory modality (visual), and in Experiment 

2, it was presented in a different sensory modality (auditory).

In both experiments, the tracking performances in easy conditions were higher than those 

in difficult conditions, indicating that the task difficulty of the tracking task was appropriately 

manipulated. Moreover, the high difficulty of the tracking task also delayed the response to the 

discrimination task in both experiments. These results are interpreted to imply that as the task 

difficulty of the tracking task (reactive process) increased, more cognitive resources were 
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consumed in the tracking task, resulting in fewer cognitive resources being available for the 

discrimination task (proactive process). This interpretation corresponds with the explanation of 

the limitation of cognitive resources (e.g., Kahneman, 1973) and priority for reactive processes 

based on DMC theory (Braver, 2012; Braver et al., 2007).

The discrimination responses in the triple conditions were faster than in the single 

condition in both experiments. These results correspond to our hypothesis that peripheral 

information facilitates proactive processes during multitasking, especially when peripheral 

information is presented regularly. Interestingly, this promoting effect also occurred when the 

tracking task (reactive process) was difficult. These results are seemingly contradictory from the 

perspective of the perceptual load theory (Lavie, 2005; 2010) and DMC theory (Braver, 2012; 

Braver et al., 2007). In the perceptual load theory (Lavie, 2005; 2010), peripheral information is 

not used when the main task is difficult and cognitive resources are used to focus on the main 

task. In the DMC theory (Braver, 2012; Braver et al., 2007), cognitive resources are 

preferentially allocated to the processing of peripheral information when multiple information is 

processed, as a result, cognitive resources available for tracking tasks may be decreased.

This discrepancy could be interpreted by assuming a mechanism that efficiently handles the 

regular presentation of peripheral information. Previous studies reported that the regular 

presentation of peripheral information facilitates the processing of subsequent events (e.g., 

Kimura & Katayama, 2020; Kimura & Kimura, 2016). In addition, a previous study on 

contingent negative variation (CNV), an event-related potential (ERP) index of time prediction 
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(e.g., Walter, Cooper, Aldridge, McCallum, & Winter, 1964), reported that regular presentation 

of peripheral information is not uniformly processed (Kimura, 2023). This is considered to be 

due to the efficient processing of peripheral information for the temporal prediction of 

subsequent events. Therefore, also in our study, it is possible that the peripheral information was 

not processed uniformly, but was processed efficiently for the discrimination task (proactive 

process). This efficient processing could be interpreted to promote the performance of the 

discrimination task (reactive process) by efficiently utilizing the remaining cognitive resources 

even if the tracking task (reactive process) is difficult. This interpretation corresponds to our 

concern about whether regular peripheral stimuli facilitate prediction for the proactive process 

(discrimination task) even when a large amount of cognitive resources is used for the main task.

Moreover, the regular presentation of peripheral information also increases the accuracy of 

the tracking performance (reactive process). It could be interpreted that efficient processing of 

peripheral stimuli under the triple condition provided a margin of cognitive resources, and the 

use of this margin improved the performance of the tracking task. This interpretation corresponds 

to our question about whether the reactive process is inhibited by the proactive process by using 

peripheral information. Thus, this study is the first to report that the relationship between the 

reactive process and the proactive process in multiple types of cognitive information processing 

is determined not only by how cognitive resources are used for the reactive process, but also by 

how information related to the proactive process (peripheral information) is presented and 

utilized.
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Furthermore, the regular presentation of the peripheral information increases the 

performance of the proactive and reactive processes regardless of the different sensory 

modalities. This result corresponds to our concern about whether the effect of peripheral 

information on prediction for a proactive process was influenced by a specific sensory modality. 

These results show that this promoting effect might be not an effect of increased attention within 

the sensory modality (e.g., Mondor & Amirault, 1998; Spence, 2010), but a supramodal effect 

beyond the different sensory modalities (e.g., Spence, Ranson, & Driver, 2000; Wahn & König, 

2015, 2017). However, these results can also be explained by different mechanisms for sensory 

processing. For example, auditory stimuli may increase the saliency of visual stimuli (e.g., 

Noesselt et al., 2008), and if so, our result in Experiment 2 might have been caused by this 

multisensory effect. The difference in promoting effects by modality of peripheral information 

will be necessary to further examine in a future study.

Conclusion

This study revealed that efficient processing of peripheral information facilitates a 

proactive process even if more cognitive resources are consumed. This efficient promoting effect 

provides a margin of cognitive resources and facilitates the reactive process. Moreover, we 

showed that this promoting effect might be not an effect of increased attention within the sensory 
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modality, but a supramodal effect beyond the different sensory modalities. Our results provided 

evidence of how peripheral information and cognitive resources are used during prediction.
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Notes
1. The normality of RTs in both experiments was checked by the Shapiro-Wilk test using the R 
function shapiro.test (ps > .05). In addition, the results of RTs showed a similar pattern with and 
without log transformation. The authors thank the reviewers for this suggestion.

Page 30 of 39

Quarterly Journal of Experimental Psychology

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

DOI: 10.1177/17470218231195198

Author Accepted Manuscript



Peer Review Version

31

References

Braver, T. S. (2012). The variable nature of cognitive control: a dual mechanisms framework. 

Trends in Cognitive Sciences, 16, 106‒113.

Braver, T. S., Gray, J. R., & Burgess, G. C. (2007). Explaining the many varieties of working 

memory variation: Dual mechanisms of cognitive control. Variation in working memory, 

75, 76‒106.

Champely, S., Ekstrom, C., Dalgaard, P., Gill, J., Weibelzahl, S., Anandkumar, A., Ford, C., 

Volcic R., & DeRosaria, H. (2018). Package ‘pwr’. Available at: https://cran.r-

project.org/web/packages/pwr/pwr.pdf (accessed September 30, 2021).

Clark, A. (2013). Whatever next? Predictive brains, situated agents, and the future of cognitive 

science. Behavioral and Brain Sciences, 36(3), 181-204. 

https://doi.org/10.1017/S0140525X12000477

Cohen, J. (1992). A power primer. Psychological Bulletin, 112(1), 155-159. 

https://doi.org/10.1037/0033-2909.112.1.155

Cohen, J. (2013). Statistical power analysis for the behavioral sciences. Academic Press.

Folk, C. L., Remington, R. W., & Johnston, J. C. (1992). Involuntary covert orienting is 

contingent on attentional control settings. Journal of experimental psychology. Human 

perception and performance, 18(4), 1030–1044.

Friston, K. (2010). The free-energy principle: A unified brain theory?. Nature Reviews 

Neuroscience, 11(2), 127-138. https://doi.org/10.1038/nrn2787

Page 31 of 39

Quarterly Journal of Experimental Psychology

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

DOI: 10.1177/17470218231195198

Author Accepted Manuscript



Peer Review Version

32

Greenhouse, S. W., & Geisser, S. (1959). On methods in the analysis of profile data. 

Psychometrika, 24, 95-112. https://doi.org/10.1007/BF02289823

Kahneman, D. (1973). Attention and effort. Prentice-Hall.

Kimura, K., & Kimura, M. (2016). Temporal prediction restores the evaluative processing of 

delayed action feedback: An electrophysiological study. NeuroReport, 27(14), 1061-1067. 

https://doi.org/10.1097/WNR.0000000000000657

Kimura, T. (2023). Efficient use of peripheral information for temporal prediction. Biological 

psychology, 177, 108484. https://doi.org/10.1016/j.biopsycho.2023.108484

Kimura, T., & Katayama, J. (2020). Congruency of intervening events and self-induced action 

influence prediction of final results. Experimental Brain Research, 238(3), 575-586. 

https://doi.org/10.1007/s00221-020-05735-9

Kleiner, M., Brainard, D., & Pelli, D. (2007). What's new in psychtoolbox-3? Perception, 36, 1. 

https://doi.org/10.1177/03010066070360S101

Lavie, N. (2005). Distracted and confused?: Selective attention under load. Trends in Cognitive 

Sciences, 9, 75-82. https://doi.org/10.1016/j.tics.2004.12.004

Lavie, N. (2010). Attention, distraction, and cognitive control under load. Current Directions in 

Psychological Science, 19, 143-148. https://doi.org/10.1177/0963721410370295

Mondor, T. A., & Amirault, K. J. (1998). Effect of same- and different-modality spatial cues on 

auditory and visual target identification. Journal of experimental psychology. Human 

perception and performance, 24(3), 745–755. https://doi.org/10.1037//0096-1523.24.3.745

Page 32 of 39

Quarterly Journal of Experimental Psychology

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

DOI: 10.1177/17470218231195198

Author Accepted Manuscript



Peer Review Version

33

Posner, M. I. (1980). Orienting of attention. Quarterly journal of experimental psychology, 

32(1), 3-25.

Shaffer, J. P. (1986). Modified sequentially rejective multiple test procedures. Journal of the 

American Statistical Association, 81(395), 826-831. 

https://doi.org/10.1080/01621459.1986.10478341

Spence, C. (2010). Crossmodal spatial attention. Annals of the New York Academy of Sciences, 

1191(1), 182-200.

Spence, C., Ranson, J., & Driver, J. (2000). Cross-modal selective attention: on the difficulty of 

ignoring sounds at the locus of visual attention. Perception & psychophysics, 62(2), 410–

424. https://doi.org/10.3758/bf03205560

Treisman, A. (1988). Features and Objects: The Fourteenth Bartlett Memorial Lecture. The 

Quarterly Journal of Experimental Psychology Section A, 40(2), 201–237. 

https://doi.org/10.1080/02724988843000104

Wahn, B., & König, P. (2015). Audition and vision share spatial attentional resources, yet 

attentional load does not disrupt audiovisual integration. Frontiers in psychology, 6, 1084. 

https://doi.org/10.3389/fpsyg.2015.01084

Wahn, B., & König, P. (2017). Is Attentional Resource Allocation Across Sensory Modalities 

Task-Dependent?. Advances in cognitive psychology, 13(1), 83–96. 

https://doi.org/10.5709/acp-0209-2

Page 33 of 39

Quarterly Journal of Experimental Psychology

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

DOI: 10.1177/17470218231195198

Author Accepted Manuscript



Peer Review Version

34

Walter, W. G., Cooper, R., Aldridge, V. J., McCallum, W. C., & Winter, A. L. (1964). 

Contingent negative variation: An electric sign of sensorimotor association and expectancy 

in the human brain. Nature, 203, 380-384. https://doi.org/10.1038/203380a0

Wolfe, J. M. (2014). Approaches to visual search: Feature integration theory and guided search. 

The Oxford handbook of attention, 11, 35-44.

Zelinsky, G. J., & Bisley, J. W. (2015). The what, where, and why of priority maps and their 

interactions with visual working memory. Annals of the New York Academy of Sciences, 

1339(1), 154-164. https://doi.org/10.1111/nyas.12606 

Page 34 of 39

Quarterly Journal of Experimental Psychology

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

DOI: 10.1177/17470218231195198

Author Accepted Manuscript



Peer Review Version

35

Figure captions:

Figure 1. The procedures of Experiment 1. Black squares as tracking stimuli (easy condition: 

3.8° by 3.8°; difficult condition: 3.0° by 3.0°) and dashed lines in the images represent the 

trajectories of these stimuli (easy condition: slowly (6.5 cm/s) and only in the horizontal 

direction; difficult condition: fast (13 cm/s) and in a circular motion, and this motion 

changed to the opposite direction randomly). Black circle as tracking pointer (visual angle: 

0.5° by 0.5°), white circle as peripheral stimulus, and blue and red circles as detection task 

stimuli (3.8° by 3.8°).

Figure 2. (a) Tracking rate (%) for the tracking task and (b) RTs (ms) for the discrimination task 

in Experiment 1. The raincloud plots illustrate of data distribution with raw data and 

boxplots.

Figure 3. The procedures of Experiment 2. Except for peripheral stimulus (pure tone: 1000 Hz, 

75db/SPL), the stimuli were identical to those used in Experiment 1.

Figure 4. (a) Tracking rate (%) for the tracking task and (b) RTs (ms) for the discrimination task 

in Experiment 1. The raincloud plots illustrate of data distribution with raw data and 

boxplots.
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