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The current study aimed to examine the effects of spatial separation and working memory capacity on selective visual attention. We investigated differences in the ability to identify the two covertly attended stimuli that appeared either along one of the meridians (e.g., both along the horizontal) or along two of the meridians (e.g., one along the horizontal and one along the vertical) in the attention-window task. Two visual stimuli in the periphery could be perceived along wider extents of the attentional focus’ meridians (horizontal, vertical, and diagonal) when they were located along the same meridian (e.g., horizontal) compared to two different ones (e.g., horizontal and vertical). Subjects with high working memory capacity outperformed subjects with lower working memory capacity in both conditions and stimuli presented on two meridians were less accurately perceived. The findings support the proposal that individual differences in working memory capacity are important for selective spatial visual attention.
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INTRODUCTION

Various researchers assume that differences in individuals’ working memory capacity are reflected in the distribution of their visual focus of attention (e.g., Bleckley et al., 2015). Working memory capacity is normally defined as the ability to hold unitized information in immediate awareness so that it can be manipulated and transformed into a more useful form (Schneider and McGrew, 2012). The visual focus of attention usually describes the area of the visual field in which subjects can be aware of and processes visual stimuli (Posner and Boies, 1971; Cowan, 1995). A number of studies have found that individual differences in working memory capacity can arise either from the ability to maintain information in the primary memory or the ability to manipulate the focus of attention to search for information stored in the long-term memory (Unsworth and Engle, 2007).

Two widespread tasks measuring the orientation of the focus of attention – the antisaccade (Hallett, 1978) and the flanker task (Eriksen and Eriksen, 1974) – confirm the relationship between attention and working memory capacity. While the anti-saccade task requires subjects to move their eyes and attention away from a strong visual cue, in the flanker task, participants are required to respond to the direction of a central arrow surrounded by congruent or incongruent arrows (flankers). Reaction times normally increase when the flankers are incompatible with the target. Lavie et al. showed that this flanker interference effect is greater when working memory load is high relative to when it is low. This indicates that working memory is essential for optimal selective attentional performance (cf. Lavie et al., 2004; Lavie, 2005).

Kane et al. (2001) examined the extent to which subjects were able to ignore a visual cue stimulus presented on one side of their visual field and instead focus their attention on the opposite side on which a stimulus had to be identified. The participants in that study were required to complete two tasks – the prosaccade- and the anti-saccade-task. The challenge of the prosaccade-task was to identify stimuli that appeared at the same spot the respective cue stimuli had been presented on before. In the anti-saccade-task, participants had to identify stimuli appearing at the side opposite to the cue stimulus. The results of this study showed no performance differences in the prosaccade-task between two groups with different working memory capacities. However, in the anti-saccade-task, the group of participants with lower working memory capacity performed the stimulus identification task substantially slower. They therefore probably experienced difficulties in suppressing involuntary/reflexive shifts of attention to the cue stimuli on the opposite side of the visual field. Accordingly, participants with higher working memory capacities not only responded more quickly, but they also achieved a greater number of correct responses in the task than participants with less working memory capacities (Kane et al., 2001; Unsworth and Spillers, 2010; Redick et al., 2012). According to Poole and Kane (2009), it is easier for participants with higher working memory capacities to perceive stimuli and disregard disruptive influences at the same time. Eventually, Conway et al. (2001) found out that working memory capacity is highly relevant to the ability to focus attention on specific information and that, in addition, it supports the ability to suppress irrelevant information. Working memory contributes to controlling perceptual attention (e.g., by holding templates for targets of perceptual selection) and action (e.g., by holding task sets to implement our current goals; Oberauer, 2019). Therefore, one can assume that the subjects who can apportion their attention better, have a better working memory.

In a study by Egly and Homa (1984), single alphabetical letters were presented along one of the three concentric rings around the fixation. At the beginning of each trial, the participants were informed about the likely eccentricity of the letters (close, medium, and distant), with no advance information given in a control condition. As the identification performance was better when the participants received information in comparison to the control condition, the authors concluded that attention can be directed to ring-like segments of visual space of various eccentricities. Building on these findings, Bleckley et al. (2003) performed another study, in which the participants were required to identify a central letter while simultaneously locating a displaced letter flashed somewhere on one of the three concentric rings. The authors assumed that the subjects with low working memory capacity distribute their attention according to the spotlight model by Posner (1980), while the subjects with high working memory capacity are able to focus their attention on non-contiguous areas and objects simultaneously.

Motivated by the approaches and findings of these previous studies, the relationship between individual working memory capacity and the distribution of spatial visual attention was investigated in the current study in more detail. While most research addressing the link between working memory capacity and spatial attention has required participants to fixate one target and process another one peripherally (e.g., selective attention task by Egly and Homa, 1984; see also Bleckley et al., 2003), the relationship has not yet been investigated in detail when the subjects are required to fixate two objects with equal priority in the visual periphery. There is only one study by Kreitz et al. (2015) that investigated the relationship between working memory capacity and the spatial visual attention when two peripheral objects had to be perceived simultaneously. The authors used the attention-window task developed by Hüttermann et al. (2013) as several studies have shown that this task is an adequate tool to determine attentional capabilities, requiring observers to attend to two equally attention demanding (peripheral) stimuli simultaneously (e.g., Hüttermann et al., 2019; Klatt and Smeeton, 2020; for an overview, see Hüttermann and Memmert, 2017). In the original task, these two peripheral stimuli are presented equidistant to the centre of a projection along one of the attentional focus’ meridians (one horizontal, one vertical, and two diagonal) with varying visual angles (separations) between the stimuli (see Figure 1). Kreitz et al. (2015) found correlations between working-memory measures and the accuracy rate when using the attention-window task. However, as usual in the original version of the attention-window task, the authors have only focused on situations in which both peripheral stimuli were presented along one meridian, e.g., along the horizontal or the vertical one.
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FIGURE 1. The stimuli were presented at eight distances from the center of the screen on four meridians (one horizontal, one vertical, and two diagonal) with eight directions (0°, 45°, 90°, 135°, 180°, 225°, 270°, and 315°) in the attention-window task. The figure represents a stimulus pair located on the diagonal meridian with a stimulus separation of 30° (from Hüttermann and Memmert, 2015).


Using a modified version of the attention-window task, the aim of the current study was to investigate if subjects with various working memory capacities allocate their attention differently when they are required to perceive two peripheral stimuli. For this purpose, the two peripheral stimuli were presented equidistant to the centre of the projection but, in contrast to the basic attention-window task, on different meridians, respectively (e.g., one stimulus on the horizontal and one stimulus on the vertical meridian). To determine participants’ working memory capacity, they were required to complete an automated version of the operation span task (Unsworth et al., 2005) in addition to the attention-window task in the current study.

Overall, based on the findings of previous research demonstrating a link between working memory capacity and flexibility of the allocation of attention (e.g., Bleckley et al., 2003), high working memory capacity individuals were expected to show better performances independent of the task condition compared to low capacity individuals. The stimuli in the basic and modified attention-window tasks were presented along eccentric circles around the fixation point (i.e., always with the same distance/eccentricity to the middle of the projection screen; e.g., with a visual angle of 10° on the vertical and horizontal meridians respectively). Based on this setup and on the findings of Bleckley et al. (2003), showing that low-working memory capacity participants normally allocate attention as a spotlight, it was hypothesized that low-working memory capacity participants would identify stimuli equidistant to the center of the projection equally well in both versions of the attention-window task. Furthermore, it was hypothesized that performances in high working memory capacity individuals would also be equally well in both task conditions as these individuals are able to flexibly allocate their visual attention. In addition, high working memory capacity individuals were expected to show better performances independent of the task condition compared to low capacity individuals.



MATERIALS AND METHODS


Participants

Thirty-nine participants (14 females) aged 20–30years (Mage=24.35years, SD=2.56years) took part in the study. Data from one participant was excluded due to low math accuracy (<85%) in the automated version of the operation span task (Aospan task; cf. Unsworth et al., 2005). All participants reported normal or corrected-to-normal vision (with contact lenses). Informed consent was obtained from each participant prior to testing according to the Declaration of Helsinki, and ethical approval was obtained from the lead institution.



Materials and Procedure

Each participant performed the Aospan task as well as two versions of the attention-window task in a laboratory – one version in which both target stimuli were presented along the same meridian (original attention-window task cf. Hüttermann et al., 2014), and the other in which both stimuli were presented along two different meridians (e.g., along the horizontal and the vertical). Participants performed the three tasks (Aospan, basic attention-window, modified attention-window task) in random order. The completion of each task lasted about 10–15 min depending on the participants’ speed of responses.


Aospan Task

The Aospan task was programmed and run using E-Prime 2.0 (Psychology Software Tools, Pittsburgh, PA; cf. Unsworth et al., 2005). Participants carried out the task sitting at a distance of approximately 50cm in front of a 13-inch display (resolution: 1,366×768 pixels). Instructions were delivered on the screen prior to the task, and participants were encouraged to ask the experimenter questions prior to starting.

The Ospan score was used to differentiate participants into the two groups (low and high working memory capacity). Previously, researchers have demonstrated that the Aospan task is a reliable and valid indicator of working memory capacity (e.g., Redick et al., 2012). The task requires participants to decide on the correctness (true vs. false) of simple mathematical exercises (e.g., 13−7=5) while simultaneously trying to memorize a series of letters. Participants completed two short practice sessions, one for each of the subtasks (i.e., math exercise and remembering letters), before starting the main task. In each trial, participants first had to solve the math exercise before being presented for 1s with the letter they needed to memorize. Immediately afterwards, another math exercise was to be solved followed by a further letter, then another math exercise, and so on. After a set of three to seven operation-letter pairs, participants were required to recall all letters from the current set in the correct order by selecting the letters one after another from a display on the monitor. In total, the Aospan task included 15 trials (three trials each with 3, 4, 5, 6, and 7 letters to memorize). In line with the standard procedure concerning the data evaluation (cf. Unsworth et al., 2005), the Ospan score (i.e., the measure of a participant’s working memory capacity) was calculated as the sum of letters recalled across all error-free trials. Participants were informed about the necessity to keep their math accuracy at or above 85% at all times; during the recall of the letters, a percentage indicating the current accuracy was displayed in red in the upper right-hand corner of the screen.



Attention-Window Task (Basic Task)

The attention-window task was programmed and run in E-Prime 2.0 (Psychology Software Tools, Pittsburgh, PA). For the implementation of the task, participants stood approximately 1.30m away from a 2.80m×2.20m screen (see Figure 2). Instructions for the attention-window task appeared on the screen, and participants were encouraged to ask questions before commencing the task. The participants’ task was to identify the number of light grey triangles presented in two peripheral stimuli. They responded verbally, and the experimenter entered the answers on a standard keyboard. After completing 16 practice trials, participants started the attention-window task, which consisted of three blocks of 112 trials each (i.e., 336 trials in total). Each trial began with a central fixation cross (1,000ms), followed by two pre-cue circles (200ms) indicating the future locations of the two peripheral stimuli. After a 200ms blank interval, the target stimuli appeared for 300ms (see Figure 3). Participants were required to fix their eyes on the central fixation cross throughout each trial in the attention-window task; fixation was monitored with a mobile video-based eye tracking system (SMI eye tracking glasses, 30Hz recording; SensoMotoric Instruments).
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FIGURE 2. The experimental setup with a participant wearing the mobile eye-tracking system and standing in front of the screen while completing the attention window task with stimuli presented along the horizontal meridian.
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FIGURE 3. Sequence of events in a trial with stimuli along the horizontal meridian in the original attention-window task (adapted from Klatt and Memmert, 2021).


The different stimulus pairs displayed in the attention-window task were presented symmetrically around the centre of the screen, with distances between the stimuli ranging from 10° to 45° of visual angle (i.e., eccentricities of 5° to 22.5°) in increments of 5° of visual angle. The stimulus pairs were displayed along eight different meridional directions (0°, 45°, 90°, 135°, 180°, 225°, 270°, or 315°; in total one horizontal, one vertical, and two diagonal meridians). Stimuli positions varied randomly between all trials of each block. Each stimulus consisted of four elements. These elements were either circles or triangles (each corresponding to a size of 3.97°) coloured in light or dark grey, meaning there were four different possible elements in total. The shape (circle, triangle) and shade (light grey, dark grey) of all elements within each stimulus varied randomly between trials. There was an equal probability of 20% of the presentation of each zero, one, two, three, or four light grey triangles in each target stimulus. The participants’ task was to identify the number of light grey triangles presented in each stimulus. The task therefore not only required participants to detect simply the shape or the shade of the elements but rather the conjunction of both, that is, triangle and light grey, and was therefore attention demanding (Treisman and Gelade, 1980).



Attention-Window Task (Modified Version)

The modified version of the attention-window task was similar to the basic attention-window task except that stimuli were always presented along two different meridians (i.e., along the horizontal and the vertical, along the horizontal and one diagonal, or along the vertical and one diagonal meridian) in each trial. The combination of the two meridians stimuli were presented on was randomized and counterbalanced across all trials. However, the presentation of the stimuli was counterbalanced in this way that two objects could never been presented along two meridians lying next to each other, but there was always one meridian between both selected meridians.




Data Analysis

By means of the median split method, participants were divided into two groups with either high working memory capacity (Ospan scores above the median split) or low working memory capacity (Ospan scores below the median split; for a similar procedure see, e.g., Sörqvist et al., 2012).

In the attention-window task, responses were only counted as correct if both stimuli were identified correctly. Based on the procedure of previous research using this task (e.g., Hüttermann et al., 2019), the attentional capability for peripheral vision was determined. It was examined how effectively participants adapt and align their visual attention, that is, how effectively they were able to correctly judge two peripheral stimuli along the attentional focus’ separate meridians. A mixed design analysis of variance (ANOVA) was conducted with accuracy rate as the dependent variable and task condition (one meridian presentation, two meridians presentation) as the within-participant factor and working memory level as between-participant factor.




RESULTS

In the Aospan task, participants achieved an average score of 58.46 (SD=13.57) out of a possible total value of 75. Using the median split method on the Ospan scores (median score: 62), half of the participants (n=20) were classified as high working memory individuals (M=68.50, SD=4.42) and the other half (n=19) as lower working memory individuals (M=47.89, SD=11.77). The Ospan scores significantly differed between participants with high working memory capacity and those with lower capacity, t(37)=7.310, p<0.001, d=2.342.

In the attention-window task, participants correctly identified 57.77% (SD=13.76%) of the stimuli across both task conditions. A visual inspection of the data confirmed that the participants had kept their eyes fixated on the center of the screen (see Brocher et al., 2018; Klatt et al., 2021, for a similar procedure). Therefore, none of the trials had to be excluded from the data analysis due to deviations from the required gaze behavior. The ANOVA revealed a main effect of condition, F(1, 37)=30.148, p<0.001, η2=0.449: Participants identified more stimuli correctly when stimuli were presented along one meridian (M=61.50%, SD=14.53%) compared to two different meridians (M=54.05%, SD=14.23%). Across both task conditions, participants with a higher working memory capacity (M=64.23%, SD=13.03%) were more accurate than those with less capacity (M=50.97%, SD=11.20%), F(1, 37)=11.561, p=0.002, η2=0.238. There was no significant interaction between working memory group and task condition, F(1, 37)=0.073, p=0.789.



DISCUSSION

The present study was guided by the assumption of Bleckley et al. (2003) that the visual attention of low working memory capacity individuals is distributed around the center of the focus of attention in eccentric circles whereas high working memory capacity individuals can adjust their attentional capabilities more flexibly. Thirty-nine participants performed two versions of an attention-demanding task, one in which two peripheral stimuli were presented equidistant to the center of the projection screen along one meridian of the attentional focus (e.g., vertical) and one in which these stimuli were presented along different meridians (e.g., vertical and horizontal) but also at the same distance to the projection center. The results showed that participants with high working memory capacities achieved better attentional performances in both versions of the attention-window task compared to participants with lower working memory capacities. This finding confirms previous research pointing out a link between working memory capacity and the allocation of visual attention. Previous studies that have highlighted that working memory capacity reflects the ability to control attention and constrain attention to relevant information (e.g., Kane and Engle, 2003; Redick and Engle, 2006; Heitz and Engle, 2007) could be supported and supplemented for situations in which two stimuli have to be identified simultaneously in the visual periphery.

Overall, in the current study, both groups – low and high working memory capacity individuals – performed better when both target stimuli were presented on the same meridian as opposed to two different ones. This pattern of results was observed even though the two respective target stimuli were always presented at the same distance to the center in both versions of the attention-window task (i.e., the eccentricities were the same in both task conditions) and the participants’ fixation position in the middle of the screen was controlled with a mobile eye-tracking system. This finding contradicts the assumption that subjects (at least with low working memory capacity) distribute their attention according to the spotlight model in the attention-window task. This assumption was made based on the study of Bleckley et al. (2003). The authors showed that the subjects with low working memory capacity allocate attention as a spotlight. However, they used a task requiring subjects to fixate on one central cue while simultaneously perceiving another cue in the periphery. Obviously, there are different mechanisms being responsible for the subjects’ spatial distribution of attention in both described tasks.

The most interesting and important finding of the current study is that participants performed worse in the two-meridian condition compared to the one-meridian condition. When two peripheral target stimuli have to be identified, it seems to be easier for participants if they only have to allocate their visual attention along one meridian compared to two meridians independent of the individuals’ working memory capacity. One possible explanation by Kootstra et al. (2008) for why target stimuli displayed on the same meridian may be perceived more accurately is that symmetrical constellations can be identified more easily than asymmetrical constellations. There is evidence that humans are highly sensitive to symmetrical patterns and pay attention to symmetry (Kaufman and Richards, 1969). With regard to the two task conditions, the participants performed on symmetrical patterns in the task with stimuli presented along the same meridian and asymmetrical patterns in the modified attention-window task. Perhaps, this is the reason that attention may be allocated more effectively with an elongation across the meridian rather than a division of attention across the visual field. However, presentation of more stimuli along the meridian line could address this question experimentally (Carrasco et al., 2001; Talgar and Carrasco, 2002).

There are some limitations and considerations for future research that need to be acknowledged. Although we found that individual differences in working-memory capacity vary with the ability to perceive two spatial objects in the periphery along either one or two meridians of a person’s visual attentional focus, we cannot infer from this correlation that changes in one capacity cause changes in the other. An experimental manipulation of one capacity is needed to check for any causal inference of one capacity affecting the other in future.

A further possible limitation of the current study is that, although the results provide insights into the link between working memory capacity and the allocation of visual attention, no reliable statements can be made about the entire area of the attentional focus of low and high working memory capacity individuals. It might be possible that these two groups differ in the orientation of their attention: For example, some subjects (high or low capacities) may be able to only focus on one of the different meridians of their visual focus of attention, while others may be able to focus on whole surfaces within their attentional focus. However, the fact that subjects seem to be able to perceive visual stimuli along different meridians simultaneously contradicts the assumption that attentional capabilities are only spread over one meridian and rather indicates a distribution along either at least two meridians or a larger surface. Furthermore, although the current study controlled for the position of participants’ visual fixations with an eye tracking system, the study design does not enable conclusions to be drawn about whether participants attended to both stimuli simultaneously or shifted attention rapidly from one stimulus to the other (e.g., Bichot et al., 1999; Scharlau, 2004). Future studies comparing different gaze strategies dependent on the subjects’ task performance are required. In these studies, one condition should examine whether subjects broaden their focus of attention in a way that these stimuli are all encompassed within one unitary focus, following the approach of the zoom lens model (cf. Eriksen and St. James, 1986). Another condition should investigate if the subjects have divided their attention between the two target stimuli (cf. Jefferies et al., 2014). Potentially, the participants with a high working memory capacity may have perceived the stimuli sequentially and then performed the analysis in the working memory rather than with the visible displays. If this is true, their performance advantage might result from more efficient attention shifts, coupled with superior working memory capacity (Bundesen, 1990).

A supplementary approach for future studies might be a modification in the calculation of the subjects’ attention window. So far, the subjects’ responses in each trial were only considered right if they were able to report the number of light gray triangles at both locations correctly. It was not analyzed to which direction an error was made (e.g., if a participant failed to report the number of light gray triangles on the left side, but was able to name the correct number on the right side, the overall answer was considered wrong). If this calculation mode undergoes a change in future studies, it would make it possible for the subjects to attended to both stimuli simultaneously or shift attention rapidly from one stimulus to the other.

Another possible limitation of the current study is that in the modified attention-window task, in which stimuli were presented on different meridians, performances for the combinations of meridians were not considered separately from each other. This means that the performance was averaged across all trials, even though it might be possible that the worse performance in the modified version compared to the basic attention-window task could be attributed to only single combinations (e.g., combination of horizontal and diagonal meridian) and not to all combinations (e.g., not to horizontal and vertical). Future studies should systematically analyze these differences in more detail.

In the current study, the two target stimuli always appeared equidistant from the center of the screen. Future research should explore differences in attention allocation by varying target positions independent of each other along the different meridians. A further approach for future studies with the attention-window task might be to use invalid cue stimuli (such as in the antisaccade-task by Kane et al., 2001) in order to explore whether subjects are able to ignore these cues and especially to examine possible differences between high and lower working memory capacity individuals. Based on the findings of Kane et al. (2001) it should be expected that individuals with low working memory capacities would have more difficulties suppressing invalid cues which would probably lead to a smaller number of correct responses in such a modified version of the attention-window task.

In sum, a new version of the attention-window task was introduced demonstrating that, independent of working memory capacity, it is more difficult for individuals to perceive two peripheral stimuli, at the same distance to the fixation position, along two different meridians compared to conditions in which stimuli are presented along the same meridian. Furthermore, the current study confirmed that high working memory capacity individuals outperform low working memory capacity individuals in perceiving visual targets in the periphery independent of the task condition.



DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be made available from the authors on request.



ETHICS STATEMENT

The study was conducted according to the guidelines of the Declaration of Helsinki and approved by the ethics committee of the German Sport University Cologne. Informed consent was obtained from all subjects involved in the study.



AUTHOR CONTRIBUTIONS

SK developed the study concept, collected the data, and wrote the first draft of the manuscript. Both authors contributed to the article and approved the submitted version.


REFERENCES

 Bichot, N. P., Cave, K. R., and Pashler, H. (1999). Visual selection mediated by location: feature-based selection of noncontiguous locations. Percept. Psychophys. 61, 403–423. doi: 10.3758/BF03211962 

 Bleckley, M. K., Durso, F. T., Crutchfield, J. M., Engle, R. W., and Khanna, M. M. (2003). Individual differences in working memory capacity predict visual attention allocation. Psychon. Bull. Rev. 10, 884–889. doi: 10.3758/BF03196548 

 Bleckley, M. K., Foster, J. L., and Engle, R. W. (2015). Working memory capacity accounts for the abiltity to switch between object-based and location-based allocation of visual attention. Mem. Cogn. 43, 379–388. doi: 10.3758/s13421-014-0485-z 

 Brocher, A., Harbecke, R., Graf, T., Memmert, D., and Hüttermann, S. (2018). Using task effort and pupil size to track covert shifts of visual attention independently of a pupillary light reflex. Behav. Res. Methods, 50, 2551–2567. doi: 10.3758/BF03196548 

 Bundesen, C. (1990). A theory of visual attention. Psychol. Rev. 97, 523–547. doi: 10.1037/0033-295X.97.4.523 

 Carrasco, M., Talgar, C. P., and Cameron, E. L. (2001). Characterizing visual performance fields: effects of transient covert attention, spatial frequency, eccentricity, task and set size. Spat. Vis. 15, 61–75. doi: 10.1163/15685680152692015 

 Conway, A. R., Cowan, N., and Bunting, M. F. (2001). The cocktail party phenomenon revisited: the importance of working memory capacity. Psychon. Bull. Rev. 8, 331–335. doi: 10.3758/BF03196169 

 Cowan, N. (1995). Attention and Memory: An Integrated Framework. New York, NY: Oxford University Press.

 Egly, R., and Homa, D. (1984). Sensitization of the visual field. Journal of Experimental Psychology: Human Perception and Performance, 10, 778–793. doi: 10.1037/0096-1523.10.6.778

 Eriksen, B. A., and Eriksen, C. W. (1974). Effects of noise letters upon the identification of a target letter in a nonsearch task. Perception & Psychophysics, 16, 143–149. doi: 10.3758/BF03203267

 Eriksen, C. W., and St. James, J. D. (1986). Visual attention within and around the field of focal attention: a zoom lens model. Percept. Psychophys. 40, 225–240. doi: 10.3758/BF03211502 

 Hallett, P. E. (1978). Primary and secondary saccades to goals defined by instructions. Vis. Res. 18, 1279–1296. doi: 10.1016/0042-6989(78)90218-3 

 Heitz, R. P., and Engle, R. W. (2007). Focusing the spotlight: individual differences in visual attention control. J. Exp. Psychol. Gen. 136, 217–240. doi: 10.1037/0096-3445.136.2.217 

 Hüttermann, S., and Memmert, D. (2015). The influence of motivational and mood states on visual attention: a quantification of systematic differences and casual changes in subjects’ focus of attention. Cognit. Emot. 29, 471–483. doi: 10.1080/02699931.2014.920767 

 Hüttermann, S., and Memmert, D. (2017). The attention window: a narrative review of limitations and opportunities influencing the focus of attention. Res. Q. Exerc. Sport 88, 169–183. doi: 10.1080/02701367.2017.1293228 

 Hüttermann, S., Memmert, D., and Nerb, J. (2019). Individual differences in attentional capability are linked to creative decision making. J. Appl. Soc. Psychol. 49, 159–167. doi: 10.1111/jasp.12572

 Hüttermann, S., Memmert, D., and Simons, D. J. (2014). The size and shape of the attentional “spotlight” varies with differences in sports expertise. J. Exp. Psychol. Appl. 20, 147–157. doi: 10.1037/xap0000012 

 Hüttermann, S., Memmert, D., Simons, D. J., and Bock, O. (2013). Fixation strategy influences the ability to focus attention on two spatially separate objects. PLoS One 8:e65673. doi: 10.1371/journal.pone.0065673 

 Hüttermann, S., Noël, B., and Memmert, D. (2019). On the examination couch: The relationship between the egocentric perspective and the attentional focus. Journal of Cognitive Psychology, 31, 240–249. 

 Jefferies, L. N., Enns, J. T., and Di Lollo, V. (2014). The flexible focus: whether spatial attention is unitary or divided depends on observer goals. J. Exp. Psychol. Hum. Percept. Perform. 40, 465–470. doi: 10.1037/a0034734 

 Kane, M. J., Bleckley, M. K., Conway, A. R. A., and Engle, R. W. (2001). A controlled-attention view of working-memory capacity. J. Exp. Psychol. Gen. 130, 169–183. doi: 10.1037/0096-3445.130.2.169 

 Kane, M. J., and Engle, R. W. (2003). Working-memory capacity and the control of attention: the contributions of goal neglect, response competition, and task set to Stroop interference. J. Exp. Psychol. Gen. 132, 47–70. doi: 10.1037/0096-3445.132.1.47 

 Kaufman, L., and Richards, W. (1969). Spontaneous fixation tendencies for visual forms. Percept. Psychophys. 5, 85–88. doi: 10.3758/BF03210527

 Klatt, S., and Smeeton, N. J. (2020). Immersive screens change attention width but not perception or decision-making performance in natural and basic tasks. Applied Ergonomics, 82:102961. 

 Klatt, S., and Memmert, D. (2021). Studying spatial visual attention: the attention-window task as a measurement tool for the shape and maximum spread of the attention window. Front. Psychol. 12:614077. doi: 10.3389/fpsyg.2021.614077 

 Klatt, S., Noël, B., and Brocher, A. (2021). Pupil size in the evaluation of static and dynamic stimuli in peripheral vision. PLoS One 16:e0250027. doi: 10.1371/journal.pone.0250027 

 Kootstra, G., Nederveen, A., and de Boer, B. (2008). “Paying attention to symmetry.” in Proceedings of the British Machine Vision Conference: The British Machine Vision Association and Society for Pattern Recognition, September 2008, 1115–1125.

 Kreitz, C., Furley, P., Memmert, D., and Simons, D. J. (2015). Working memory performance is related to spatial breadth of attention. Psychological Research. 79, 1034–1041. 

 Lavie, N. (2005). Distracted and confused? Selective attention under load. Trends Cogn. Sci. 9, 75–82. doi: 10.1016/j.tics.2004.12.004 

 Lavie, N., Hirst, A., de Fockert, J. W., and Viding, E. (2004). Load theory of selective attention and cognitive control. J. Exp. Psychol. Gen. 133, 339–354. doi: 10.1037/0096-3445.133.3.339 

 Oberauer, K. (2019). Working memory and attention – a conceptual analysis and review. J. Cogn. 2:36. doi: 10.5334/joc.58 

 Poole, B. J., and Kane, M. J. (2009). Working-memory capacity predicts the executive control of visual search among distractors: the influences of sustained and selective attention. Q. J. Exp. Psychol. 62, 1430–1454. doi: 10.1080/17470210802479329 

 Posner, M. I. (1980). Orienting of attention. Q. J. Exp. Psychol. 32, 3–25. doi: 10.1080/00335558008248231 

 Posner, M. I., and Boies, S. J. (1971). Components of attention. Psychol. Rev. 78, 391–408. doi: 10.1037/h0031333

 Redick, T. S., Broadway, J. M., Meier, M. E., Kuriakose, P. S., Unsworth, N., Kane, M. J., et al. (2012). Measuring working memory capacity with automated complex span task. Eur. J. Psychol. Assess. 28, 164–171. doi: 10.1027/1015-5759/a000123

 Redick, T. S., and Engle, R. W. (2006). Working memory capacity and attention network test performance. Appl. Cogn. Psychol. 20, 713–721. doi: 10.1002/acp.1224

 Scharlau, I. (2004). Evidence for split foci of attention in a priming paradigm. Percept. Psychophys. 66, 988–1002. doi: 10.3758/BF03194990 

 Schneider, W. J., and McGrew, K. S. (2012). “The Cattell-Horn-Carroll model of intelligence,” in Contemporary Intellectual Assessment: Theories, Tests, and Issues. eds. D. P. Flanagan and P. L. Harrison (New York: The Guilford Press), 99–144.

 Sörqvist, P., Nöstl, A., and Halin, N. (2012). Working memory capacity modulates habituation rate: evidence from a cross-modal auditory distraction paradigm. Psychon. Bull. Rev. 19, 245–250. doi: 10.3758/s13423-011-0203-9 

 Talgar, C. P., and Carrasco, M. (2002). Vertical meridian asymmetry in spatial resolution: visual and attentional factors. Psychon. Bull. Rev. 9, 714–722. doi: 10.3758/BF03196326 

 Treisman, A., and Gelade, G. (1980). A feature-integration theory of attention. Cogn. Psychol. 12, 97–136. doi: 10.1016/0010-0285(80)90005-5 

 Unsworth, N., and Engle, R. W. (2007). The nature of individual differences in working memory capacity: active maintenance in primary memory and controlled search from secondary memory. Psychol. Rev. 114, 104–132. doi: 10.1037/0033-295X.114.1.104 

 Unsworth, N., Heitz, R. P., Schrock, J. C., and Engle, R. W. (2005). An automated version of the operation span task. Behav. Res. Methods 37, 498–505. doi: 10.3758/BF03192720 

 Unsworth, N., and Spillers, G. J. (2010). Working memory capacity: attention control, secondary memory, or both? A direct test of the dual-component model. J. Mem. Lang. 62, 392–406. doi: 10.1016/j.jml.2010.02.001


Conflict of Interest: The authors acknowledge financial support by the German Research Foundation and the University of Rostock within the funding program Open Access Publishing.

Publisher's Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Klatt and Smeeton. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fpsyg-12-692963-g003.jpg
X

nd
Howmanylightgrey | 2" Fesponse

triangles were presented
at position 2?

s‘
How many light grey 1 response

triangles were presented
at position 12

.A A : 300ms






OPS/xhtml/Nav.xhtml




Contents





		Cover



		Spatial Separation and Working Memory Capacity Affect Selective Visual Attention in the Periphery



		Introduction



		Materials and Methods



		Participants



		Materials and Procedure



		Aospan Task



		Attention-Window Task (Basic Task)



		Attention-Window Task (Modified Version)









		Data Analysis









		Results



		Discussion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		References



















OPS/images/fpsyg-12-692963-g001.jpg
3y

20°,

45°

180° |
20°

L0
270°






OPS/images/fpsyg-12-692963-g002.jpg





OPS/images/cover.jpg
, frontiers
in Psychology

Spatial Separation and Working
Memory Capacity Affect Selective
Visual Attention in the Periphery









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
’ frontiers
in Psychology





