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 Research Highlights 

• Memory for stimuli from multiple modalities is relevant to school performance and 

learning; here we investigate how attention is shared between remembering colors and 

tones.  

• Participants received four colors and/or four tones for subsequent recognition on a trial, 

with dual modalities presented successively (0.5 seconds per stimulus) or concurrently 

(0.5 seconds per pair).  

• Successive versus concurrent presentation had little effect on recognition, and the marked 

increase in memory performance with age did not come from dividing attention during 

encoding or maintenance.  

• Children as young as first grade thus can encode and organize for later recognition colors 

and concurrently-presented, but unrelated, tones.  
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Abstract 

Working memory serves as a means to accumulate information and reorganize it. 

Researchers have long assumed that the natural organization of information is one stream at a 

time. This logic leads to the expectation that, when two different series of stimuli are to be 

remembered, performance should be superior if the series are presented one before the other in 

succession, rather than concurrently. Moreover, different accounts of attentional limits lead to 

different expectations for the change in the ability to encode two sets across age groups in 

childhood. Testing children from first grade (6-7 years) to adulthood, we presented sequences of 

colored objects and tones in succession or concurrently (with one color accompanying an 

unrelated tone) and found that performance was equally good no matter which presentation 

method was used. The results for both presentation methods closely matched the intricate pattern 

of development observed by Cowan et al. (2018), who used successive presentation only. We 

found marked developmental improvement in the ability to retain materials in each modality 

without an increasing cost of attention-sharing between modalities. Humans at least from the 

elementary school years through young adulthood thus display an ability to accommodate and 

organize two concurrent streams of information.  

Keywords:  working memory development, short-term memory development, visual and auditory 

modalities, attention, concurrent and successive stimuli 
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Encoding Colors and Tones into Working Memory Concurrently:   

A Developmental Investigation 

 

Here, we explore a key issue from the field of cognitive development, namely how 

flexibly participants from the early elementary school years to young adulthood can take in 

(encode or consolidate) series of stimuli in two modalities and retain them for immediate 

recognition following the series. Immediate recognition refers to the use of working memory, the 

limited amount of information retained temporarily and used to carry out cognitive tasks (for 

variation in researchers’ definitions of working memory, see Cowan, 2017a). We examine 

differences between the presentation of series of colors and of tones successively, in either order 

as in a past study (Cowan et al., 2018, Experiment 2), versus a new arrangement in which there is 

concurrent presentation, with one tone accompanying each color in the series as an audiovisual, 

multimodal presentation. The theoretical issue is whether there is stability or developmental 

change during the school years in how well concurrent information can be encoded into working 

memory, which requires attention-sharing or rapid attention-switching between modalities. The 

issue also is of practical importance, for example because multimodal classroom presentations 

might combine visual and acoustic sources of information into a concurrent, bimodal stream of 

information, though we do not yet understand how such information is processed.  

In a great deal of adult work on both attention and working memory (for reviews see 

Cowan, 1995; Cowan et al., 2024) it is clear that there are two main factors causing a conflict 

between stimulus sets to be perceived or remembered: (1) specific interference that occurs when 

the features of the two sets are similar, and (2) general interference between any two sets that 
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occurs when an attention-limited process is overtaxed. It was to avoid the first of these two cases 

that Cowan et al. (2018) chose to examine the interference in working memory between two sets 

in different modalities, a choice that we follow here in examining the extension of this paradigm 

to an understanding of how well concurrent stimuli are processed.  

It is clear that working memory has a capacity limit of several (3-5) items in adults that 

applies to a single set that is to be retained but cannot be rehearsed, such as an array of simple 

objects or a series of tones (Cowan, 2001; Li et al., 2013; Luck & Vogel, 1997). Yet, the same 

limit does not exactly hold when there are two distinct, very different sets to be remembered, in 

particular a verbal or acoustic list and a nonverbal, visual array, presented in either order (Cowan 

et al., 2014, 2018; Fougnie et al., 2015; Uittenhove et al., 2019). In that case, there is interference 

between the sets, but the interference does not limit the total recalled to 3-5 items. Instead, 

participants seem to retain both sets as if they were presented alone, except for a loss of about 

one item between sets as the cost of retaining both sets in working memory.  Cowan et al. (2014) 

therefore proposed that participants quickly memorize information from a set and off-load the 

information so that it no longer occupies the capacity-limited region of working memory (the 

region said to be the focus of attention). This frees up the capacity-limited region to encode the 

second set, and the relatively small amount of interference between sets was said to come from 

attention-demanding maintenance activities to keep the memory of the two sets active (for a 

review see Rhodes & Cowan, 2018). In a developmental study of children from the early 

elementary school years through early adulthood, Cowan et al. (2018) tested memory for tone 

series and arrays of colors and found that the small cost between sets did not change with age, 

but that more mature participants apparently could off-load much more information about each 

set.  
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Following up on Cowan et al. (2018), we ask whether participants as young as the early 

elementary school years would still be able to handle two sets with no more interference between 

sets (dual-set cost) than is found in adults if the sets were presented concurrently rather than one 

after the other. We present series of tones of different frequencies and spots of different colors, 

with the two series presented either (1) one after the other, or (2) concurrently, with one tone 

accompanying each color. Assessing the skill needed in these cases is important to understand 

the basic development of the role of attention in working memory. Apparently, participants from 

7 years old to adulthood can attend to two sets presented one after another with a dual-set cost of 

only about one item. When the two modalities are presented concurrently, however, both sets 

would have to be encoded, for example by off-loading separate tone and color series to activated 

parts of long-term memory as newly-learned representations concurrently, or by saving bimodal 

objects, each with a color and a tone. The question of interest was whether there is development 

in the ability to do this encoding of concurrently-presented dual streams.  

Even adults’ ability to do concurrent encoding of two streams into working memory is in 

question. Broadbent (1956, Experiment 1) presented digits to the right eye and right ear 

concurrently at the rate of two pairs of digits per half second, for a total of three digits in each 

modality on a trial, and found an average of 4.62 digits recalled, indicating that bimodal attention 

was indeed possible. However, there has been little follow-up work of that nature. Dividing 

attention even in a simple task may be difficult for adults. For example, Cowan et al. (1990) 

required that participants monitor a slow stream of easily-discriminated, spoken syllables while 

reading silently and found that the syllabic detection rate was only 60%. Brain imaging research 

shows that when two series of stimuli are presented at once across the visual and auditory 

modalities, there is a working memory load from dividing attention that shows up in the 
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dorsolateral prefrontal cortex (Johnson et al., 2007) and the divided attention load shows up in a 

broader neural network as well (Santangelo, 2018). Yet, the extant research does not clarify 

whether the additional load on attention and working memory comes from the rapid rate of 

presentation of complex information typically used, or from the need to keep track of two series 

at once so that they can be encoded into working memory.  

Developmental Literature 

Despite a tradition of research on the development of attention (e.g., Ristic & Enns, 

2015), we have been able to find little developmental research in which two streams of 

information are presented concurrently and both are relevant to the assigned task. Sinzig et al. 

(2008) required typically developing children and those with autism and/or attention deficit with 

hyperactivity to respond as quickly as possible when a square occurred among shapes and also 

when an alternating “high and deep tone was repeated.” This divided attention task was carried 

out most effectively by typically developing children. Boxhoorn et al. (2018) used the same task 

but found the deficit to be specific to children with autism spectrum disorder. McDougal et al. 

(2020) asked children to find matching pairs of spaceships among distractors, count tones, or do 

both tasks at once, a divided attention condition. Among typically developing children averaging 

9 years of age, there were no correlates with divided attention but, among children with Autism 

Spectrum Disorder averaging 11 years of age, dividing attention was related to IQ, reading, 

math, and selective attention (but not sustained attention). Savage et al. (2006) administered two 

divided attention tasks to children 6-11 years old and found that they loaded on the central 

executive and visual-spatial components of working memory, as well as on reading and 

intellectual aptitude tasks.  

None of these studies, however, examined the typical developmental trend. Talalay 
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(2024) examined one sort of divided attention developmentally by examining children’s ability to 

search for two objects among a frame of nine objects. It was found that the ability improved 

markedly between 6 and 10 years, in comparison to near-perfect performance in searching for 

only one object. However, study of the developmental trend in a bimodal presentation situation 

could not be found in our literature search.   

The Present Study 

The method we use is an extension of methods used in a developmental study by Cowan 

et al. (2018, Experiment 2) and an aging study by Greene et al. (2020). Both studies presented 

series of tones and arrays of colored spots on every trial. On every trial, stimuli from one 

modality were presented first, followed by stimuli from the other modality. The stimuli were 

nonverbal to avoid developmental differences in verbal knowledge and comprised arrays of 

colored squares and series of tones. There was a recognition test, with the task of indicating 

whether a probe item was among in the stimuli to be remembered on that trial. When two sets 

had to be remembered (a color set and a tone set), the estimated number of items retained in 

working memory in total was higher than when only one of the sets had to be remembered, but it 

was not twice as high; that is, there was a small dual-set retention cost. There was a marked 

change in the total number of items retained over the age range studied, improving from about 

1.8 items at 7 years to about 6.5 items in young adulthood (Cowan et al.) and then declining 

again from young adulthood to old age (Greene et al.). However, the dual-set retention cost 

remained similar at around 1 item or slightly less in all age groups.  

Here, in both modalities, items are presented one at a time, but with two schedules of 

presentation: with one modality’s stimuli presented after the other, like Cowan et al. (2018) and 

Greene et al. (2020), as shown in Figure 1A; or with the sets presented concurrently, with the 
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first tone presented along with the first color, the second tone with the second color, and so on 

(Figure 1B). The task was to indicate whether a probe item was included in one of the presented 

sets. Note that in either presentation method, there is no correlation between which colors and 

which tones were presented on a trial, i.e., no redundancy between modalities, so information 

from the two modalities must be maintained independently. Two main attention conditions were 

used with both successive and concurrent presentation of two sets: (1) the bimodal condition, in 

which participants knew that the probe could come from either set; and (2) the unimodal 

condition, in which participants knew in advance which set the probe would come from, so that 

the other set could be ignored during its presentation. In (3) one-set conditions, stimuli were 

presented in only one modality, to eliminate any interference from a second set.  
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Figure 1 

Illustrations of the order of events for two-modality trials in the present study. 

 

Note. A: The successive-presentation recognition procedure used in another experimental 

session; either modality could come first (as in Cowan et al., 2018). B: The novel, concurrent-

presentation recognition procedure used in one experimental session. C: auditory-only trial. D: 

Visual-only trial. The timing was the same for all conditions but is reiterated several times in the 

figure. In dual-modality trials, either one or both modalities were to be attended, depending on 

the trial block. The probe question was whether it was included in the stimuli to be remembered. 

See Methods section for further details.  

 

Figure 2 illustrates alternative processing mechanisms for concurrent presentation of two 

sets from different modalities. Concurrent presentation might (top panel of the figure) or might 

not (bottom) be more difficult than successive presentation of materials from the two sets. It is 

constructed within the framework of embedded processes (Cowan, 1988; Cowan et al., 2024), in 

which working memory consists of a temporarily activated portion of long-term memory and, 

Same Different

Same Different

B

A

Post-
perceptual
Mask

Test 
Probe (until 
response)

+

+

Same Different

C +

Same Different

D +

1000 ms

500 ms
Blank /
500 ms on

500 ms blank /
500 ms on / 
1000 ms blank500 ms

Blank /
500 ms on

500 ms
Blank /
500 ms on

500 ms
Blank /
500 ms on

1000 ms

500 ms
Blank /
500 ms
on

500 ms blank /
500 ms on / 
1000 ms blank

500 ms
Blank /
500 ms
on

500 ms
Blank /
500 ms
on

500 ms
Blank /
500 ms
on

500 ms
Blank /
500 ms
on

500 ms
Blank /
500 ms
on

500 ms
Blank /
500 ms
on

500 ms
Blank /
500 ms
on

1000 ms

500 ms
Blank /
500 ms on

500 ms
Blank /
500 ms on

500 ms
Blank /
500 ms on

500 ms
Blank /
500 ms on

500 ms blank /
500 ms on / 
1000 ms blank



Concurrent and Successive Stimuli, Page 11 

within it, a capacity-limited focus of attention. Both panels of the figure operate under the 

assumption that encoding information into working memory requires attention and that the 

process of encoding a series, either colors or tones, into working memory occurs. They both 

assume that, at first, encoding from sensory memory into working memory requires attention but 

that, soon afterward, the information is off-loaded from the focus of attention into the activated 

portion of long-term memory, freeing up the focus of attention for use on the other set (see 

Rhodes & Cowan, 2018). In the top panel of the figure, concurrent presentation should be more 

difficult because of an assumption that creating a series to be off-loaded can occur for only one 

set at a time. Therefore, there can be loss of sensory memory for the second set while the first set 

is in the process of being fully encoded and off-loaded. In the bottom panel, however, there is an 

assumption that the ongoing construction of a representation for both modalities can occur 

concurrently, at least for the simple item information that needs to be retained. If every time 

another color-tone item pair is presented both representations are formed, with no overloading of 

attention in the process, as in the bottom panel of the figure, then performance should be as good 

with concurrent presentation as with successive presentation of the two modalities. It is also 

possible that there would be a disadvantage of concurrent presentation for younger participants 

more than for older ones, if the process of encoding two streams at once improves with 

development, like various other aspects of attention (Ristic & Enns, 2015), a possibility that 

remains untested to our knowledge. 
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Figure 2 

Two Alternative, Hypothetical Processing Mechanisms for the Concurrent Presentation 

Condition 

 

Note. WM=working memory, aLTM=activated portion of long-term memory, 

 

We examined the results taking into account the performance on probe-present trials (in 

which the probe item had been included in the target set to be remembered) and probe-absent 

trials (in which the probe item was not present in the target set). Specifically, we examined 

performance by condition using k, an estimate of the number of items held in working memory. 

After showing that the pattern of performance was closely similar using either of these measures, 

the k measure allowed a further investigation in which the development of shared-attention and 

modality-specific aspects of performance could be examined separately. 

The technique for examining this question Is Illustrated In Figure 3. The first step for this 

further investigation is to estimate the number of items held in working memory, taking into 
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that a correct response to a centrally presented probe item can be based either on detecting that 

the probe was not from the stimulus set when it was in fact absent, or on correctly guessing that 

the probe is new or old. The resulting estimate can be expressed as  

k=[p(hits)-p(false alarms)]/p(hits)                                                                            (1) 

where p(hits) is the proportion of new-probe trials in which the probe item was recognized, and 

p(false alarms) is the proportion of old-probe trials incorrectly called new. (Note that it would 

instead be possible to define hits as detection of an old item, in which case the denominator 

would change to p(1-false alarms) but the outcome would be the same.) The unimodal attention 

condition k estimates are depicted by the two circles in the figure. The overlap between the 

circles reflects the use of the same attentional resource to maintain stimuli in two modalities at 

once. It can be estimated by adding the two unimodal-attention condition capacities and 

subtracting from them the two bimodal-attention condition capacities. The result is called a 

central attentional maintenance resource: 

kcentral resource = (kunimodal visual+kunimodal auditory) – (kbimodal visual+kbimodal auditory)                     (2) 

Figure 3 

The logic of quantifying dual-set attention costs
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The total items remembered summing across unimodal attention conditions (represented by the 

sum of the two circle areas considered separately) can be larger than the total items remembered 

summing across bimodal conditions (represented by the total area when the circles overlap). The 

decrease in total area caused by overlap of the circles matches the central portion of working 

memory Equation 2. This is the estimated number of items that can be allocated to either colors 

or tones or split between them, depending on task demands. The non-overlapping parts of the 

figure represent the items that can be retained in each modality without the central resource, 

called peripheral portions, which can be estimated by subtracting the central portion from each 

of the unimodal capacity estimates. It cannot be assumed that attention is uninvolved in 

maintaining these peripheral portions, but they could be formed via an “offloading” process in 

which attention is used to assist in memorizing the stimuli so that the commitment of attention 

for maintenance can decline (Rhodes & Cowan, 2018). The developmental finding of Cowan et 

al. (2018) was that the central portion does not increase with maturation, whereas the peripheral 

portions increase markedly. Participants improve in the ability to retain colors and tones without 

an increase in resource-sharing between the two when both have to be retained at once.  

Here, when we presented stimuli in two modalities concurrently, one tone concurrent 

with each color (as in Figure 1B), we anticipated that the need to encode both modalities 

concurrently might increase the central resource estimate, if that resource is at some point taken 

up by an encoding process or the consolidation of information in working memory (e.g., Bayliss 

et al., 2015; Jolicoeur, 1999; Jolicoeur, P., & Dell’Acqua, 1998; Ricker et al., 2018; Vogel et al., 

2006). We further expected that the need to encode both modalities concurrently might be 

especially problematic for the younger children, if their attentional resource is limited as is 

assumed from a neo-Piagetian theoretical view of development (e.g., Case, 1995; Cowan, 2016, 
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2017b, 2022; Pascual-Leone, 1970; Pascual-Leone & Johnson, 2021).  If this is the case, then we 

should find a larger central portion for concurrent presentation of stimuli in the two modalities 

(Figure 1B), compared to successive presentation of the two modalities (Figure 1A), especially 

for younger children. On the other hand, these predictions do not hold if the resource limitation 

applies only to working memory maintenance, with little effect of encoding limits with a 

moderately-paced temporal schedules of presentation that we used.  

The panels of Figure 4 illustrate different possible outcomes for the componential 

analysis, with age group represented along the x axis and the number of items held in each 

component represented in the y axis. Figure 4A resembles the result obtained by Cowan et al. 

(2018) with successive presentation. A small tradeoff between modalities is represented by the 

central component, and modality-specific gains across age groups presumably reflect 

improvements in the means of encoding stimuli within each modality. Assuming that we 

replicate this effect from Cowan et al., obtaining results like these also in the present concurrent-

presentation condition would indicate that there is no additional cost of encoding and storing 

stimuli in both modalities at once. If instead, younger children show the most deficit due to 

concurrent encoding, the results of the concurrent condition could resemble instead Figure 4B. 

Another possibility is that more mature participants use attention more to encoding even one set, 

in which case dual-modality encoding could drain their attention more than younger participants, 

resulting in a pattern like Figure 4C. In support of this possibility Rosen and Engle (1997) found 

that among adults, those with higher working memory span relied more on attention for memory 

retrieval and were impeded more by dividing attention task during retrieval. Last, if concurrent 

presentation is equally demanding for all, and more demanding than successive presentation, 

then concurrent presentation could give rise to a pattern of results with a uniformly high central 
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portion, as in Figure 4D.  

 

Figure 4 

Alternative Predictions for Concurrent Presentation of Visual (Color) and Auditory (Tone) 

Stimuli 

 

Note. Panel A:  If there is no cost of concurrent presentation, the results could be comparable to 

successive presentation of the two sets, which should match the results of Cowan et al. (2018, 

Experiment 2), schematically depicted here. Panel B: A concurrent-presentation cost that is 

larger for young children should produce a result like this one. Panel C: If the concurrence-cost 

is especially large for more mature participants because they used attention for encoding more 

than younger participants, the results should resemble this figure. Panel D: If the concurrent-

presentation cost is large for all participants, this configuration of results should emerge. 
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memory strength rather than an all-or-none working memory of each item that the k measure 

assumes (Williams et al., 2022). Williams et al. used d’ as a measure of the sensitivity to a 

memory representation, i.e., memory strength, and reported that it did not yield the same results 

as k. The implication was that k cannot be used if the memory representations vary continuously 

in strength. To check this possibility, we calculated also a d’ measure of sensitivity to a changed 

probe, for comparison with the k results.  

Last, we carried out two auxiliary tasks, Raven Progressive Matrices (Raven, 2000) and 

running memory span (Cowan et al., 2005; Gray et al., 2017). The Raven task is a standard fluid 

intelligence task that can be used to assess whether our samples were typical and comparable for 

their age groups. Also, it can be used to examine whether there is a developmental factor of 

maturity beyond what can be gleaned from the age group, that plays a role in performance. 

Running memory span with spoken digit stimuli correlates well with aptitudes at any age group, 

better than standard digit span does in the older children and adults, and comparable to how well 

complex span does but with a much simpler procedure (Cowan et al., 2005). Cowan et al. 

considered running span to be an index of the capacity of the focus of attention, an interpretation 

that was strengthened by Gray et al., who found that running digit span in 9-year-olds was 

correlated with visual tasks, which are known to require attention, more strongly than with 

standard verbal span tasks, which allow verbal rehearsal and therefore tend to circumvent 

attention. Given the reliance of aptitudes and of running span on attention, it will be of interest to 

determine the degree to which they correlate with our central and peripheral components of 

working memory in a dual-task setting, which can reflect a role of attention.  
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Method 

Participants  

 The study was approved by Institutional Review Board of the first author’s university. 

The participants were tested one at a time, remotely, from locations throughout the United States, 

and received $15.00 per hour of participation for two sessions. Our target was at least 24 per age 

group, with several additional pre-scheduled appointments also completed and included. Power-

like analyses for Bayesian inference (Schönbrodt & Stefan, 2018; Schönbrodt & Wagenmakers, 

2018) indicated that with an inferential cutoff of 3.0, we could detect an age group difference 

effect size of .85 with a probability of .81, whereas based on previous work (e.g., Cowan et al., 

2018), we expected age differences with effect sizes of about 1.0 and higher. We refer to a Bayes 

Factor of 3, considered relatively lenient, so as not to ignore subtle trends in the data, but larger 

Bayes Factors should always be interpreted with more confidence. Children were assigned to 

groups 1-3 based on the grade in school that the parent indicated that the child was in currently 

or had just completed. In all, N=102. There were 24 children in Grades 1-2 (mean 7.37 years old, 

SD=0.79, 17 female, 9 male); 25 children in Grades 3-4 (for 24 of them, mean 9.40 years, 

SD=0.65, and a 10-year-old for whom an exact birthdate was unavailable; 9 female, 16 male); 26 

children in Grades 5-7 (mean=12.03 years, SD=1.20; 14 female, 12 male). There also were 27 

adults (mean=24.04 years, SD=3.18; 21 female, 6 male).  Additional participants did not 

complete both sessions of the study (2 in Grades 1-2, 1 in Grades 3-4, 3 in Grades 5-7, and 4 

adults; an additional child in Grades 3-4 may have completed the study but one session was not 

saved).  

Materials, Stimuli, and Procedure 

Children and adults were tested one at a time, remotely, using Zoom and monitored by 
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the experimenter during testing, and were paid for their participation. The experiment was 

programmed with PsyToolKit (Stoet, 2010, 2017) and the link to the program was given to the 

participant’s parent or guardian, so that it ran on the computer that the child was to use. This 

method was used because we determined that if the program ran on the experimenter’s computer, 

the display that the child received would not be consistently correct due to how the university 

handled outgoing internet signals.  However, the experimenter was able to monitor the 

participant throughout the session.  

Experimental Sessions  

The experiment was conducted in two sessions, each lasting approximately 60 minutes, 

with a total of 20 practice trials and 96 test trials. In both sessions, the tone and color stimuli 

were identical to those used by Cowan et al. (2018) and the timing was intended to be like that 

study, but with changes in the timing of visual stimuli given that Cowan et al. placed them in 

spatial arrays, whereas we presented one visual item at a time.  

In one session, a successive presentation of the four-tone series and four-color series for 

recognition was used, as in Cowan et al. (Figure 1A). On some trials, only four stimuli in one 

modality were presented. In this session, when both visual and auditory stimuli were presented, 

their order was counterbalanced across trials. The main procedure was followed by a running 

span test (Cowan et al., 2005). In the other session, concurrent presentation of four color-tone 

pairs was used (Figure 1B), although there also were trials with four stimuli in only one 

modality, as in the other session. This procedure was followed by Ravens Progressive Matrices 

(Raven, 2000).  The order of these two sessions was counterbalanced across participants.  

Tone and Color Recognition Test  

 Visual stimuli. The visual stimuli in this task were displayed on a gray background 
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(RGB = 192-192-192) with stimulus values matching Experiment 2 of Cowan et al. (2018). 

Colored squares (60 pixels x 60 pixels) presented for 250 ms (separated by 250-ms blank 

periods) were sampled without replacement from a pool of 9 possible colors presented at the 

center of the display with the following values: (black, RGB 0-0-0; white, RGB 255-255-255; 

red, RGB = 255-0-0; blue, RGB = 0-0-255; green, RGB = 0-128-0; yellow, RGB = 255-255-0; 

orange, RGB = 255-165-0; cyan, RGB: 0-255-255; and magenta, RGB = 255-0-255). The visual 

mask was a multicolored square the same size as the visual to-be-remembered items but 

comprising a grid of all nine colors in a 3x3 arrangement within the square presented for 500 ms.   

Auditory stimuli. The auditory stimuli were the same as those developed by Li et al. 

(2013, Experiment 3) and used also by Cowan et al. (2018, Experiment 2). To allow them to have 

categorical distinctions as colors do, we used synthetic musical sounds created by GarageBand 

(Apple Inc., Cupertino, CA). We used 9 different musical sounds of 125 ms each, with different 

fundamental frequencies assigned to different instruments (trumpet section, 200 Hz; smooth clav, 

262 Hz; classic rock organ, 343 Hz; Negril bass, 450 Hz; tenor sax, 589 Hz; space harpsichord, 

772 Hz; grand piano, 1011 Hz; live pop horns, 1324 Hz; aurora bell, 1735 Hz.)  Tones were 

separated by 375-ms periods, allowing the onset-to-onset time to be 500 ms, the same as for 

visual stimuli. One can confirm that there was a 31% increase in frequency from one tone to the 

next, an increase that allowed us to avoid familiar musical intervals. These intervals were such 

that no two tones in our set had a simple harmonic relation (for further details see Cowan et al., 

2018). The auditory mask was presented for 500 ms, like the visual mask and concurrent with it; 

it was composed of short segments from all nine tones presented in rapid sequence with no break 

between them. No two stimuli to be remembered on a trial were identical.  

Trial blocks within each session. The task included three blocks within each session 
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(i.e., in the successive and concurrent presentation sessions). Each of the three blocks was for a 

different attention condition, and the block order was counterbalanced in a Latin square design 

across participants (but with the same order for an individual in the two sessions). In the 

unimodal visual block, all tests were on the visual stimuli, and the auditory stimuli could be 

ignored. The block started with 2 practice trials in which there were only four visual stimuli and 

no auditory and, between them, 4 practice trials in which there were both visual and auditory 

stimuli, but the auditory stimuli could be ignored. The test session included, in random order, 8 

one-set trials and 8 two-set trials. The trial block for auditory information was exactly 

comparable, except that the roles of auditory and visual stimuli were reversed so that participants 

now could ignore all visual stimuli.  

In the bimodal trial block, there were 8 practice trials and 32 test trials. In both of these, 

half of the trials ended in a visual test and half ended in an auditory test, so the participant had to 

attend to all stimuli.  

In all trial blocks, there were several variables that were presented an equal number of 

times across trials of the block, but in random order: (1) the presentation of the auditory or the 

visual stimuli first, (2) the presentation of a probe stimulus that did or did not match one of the 

stimuli to be remembered, and (3) when the probe did match one of the stimuli to be 

remembered, the match to Positions 1-4 in the sequence. 

Procedure. Before each trial, an encoding instruction was verbally presented by the 

experimenter and an appropriate icon was shown (an eye, an ear, or both, depending on the 

modalities to be attended). The participant initiated the trial by clicking the screen. Then the trial 

began with a fixation cross at the center of the screen for 1000 ms, followed by a 500-ms blank 

period. Next, items (or, in the concurrent session, color-tone pairs) were presented at a rate of 1 
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item every 500 ms, After the last item’s off period, there was another 500-ms blank period and 

then the visual and auditory masks were presented simultaneously for 500 ms and followed by a 

1000-ms off period. (For a fair comparison of trials, the mask was always bimodal.) Next, the 

probe item was presented (a visual item in the center of the screen or a 125-ms sound 

accompanied and followed by a question mark, depending on the condition, lasting until the 

response). The participant was to indicate whether the probe was an item present within the 

stimuli to be remembered by clicking a green button for “same” or “old” and a red button for 

“different” or “new.” After each response, as feedback, for 1000 ms a smiley face was 

accompanied by the word “correct” or a frowny face was accompanied by the word “incorrect,” 

depending on the participant’s response accuracy.  

After participants completed this task, they were asked a series of questions to better 

understand the strategies used to remember the colors and tones. There were two open-ended 

questions and twelve strategy questions on a Likert scale. These appear in the Open Science 

Framework page along with the rest of the data, 

https://osf.io/jx7q5/?view_only=b26a140d24fc4f26bfea964b3d64458f. 

Running Memory Span 

 Cowan et al. (2005) described a version of a running span task in which spoken digits 

were digitally compressed to 250 ms per digit and were presented in series of 12-20 digits. The 

participants could not group the series because the endpoint of each trial is unknown. In each 

series, within a window of six digits, no two are identical. When the series ends, the participant 

spoke as many digits as they could remember from the end of the list. The experimenter typed 

these digits into the computer. These responses were scored according to items recalled in the 

correct serial position relative to the end of the list. 

https://osf.io/jx7q5/?view_only=b26a140d24fc4f26bfea964b3d64458f
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Raven Progressive Matrices 

Raven Progressive Matrices is a standardized test of abstract reasoning in which a visual-

spatial series of complex objects is shown and the participant must select the choice that best 

completes the pattern that the series follows. There are traditional age norms collected in 1979 

(Raven, 2000) and newer norms (Pind et al., 2003) with which the scores can be compared.  

Results 

 Appendix A (with Table A1) provides accuracy means for every condition in the 

experiment. The results section will focus on developmental trends, but also with some key 

supporting effects across age groups that provide cues to the nature of processing in our task. The 

results are divided into analyses of three types. These include (1) d-prime analyses to compare 

successive and concurrent presentation methods; (2) comparable analyses using k, an estimate of 

the number of items held in working memory; (3) central and peripheral components of working 

memory in a dual-set situation, in line with Cowan et al. (2018); (4) potential effects of 

presentation order within the successive sets; and (5) auxiliary tasks that help describe the 

participants, namely running memory span and Ravens Progressive Matrices. The data and 

analyses are available at https://osf.io/jx7q5/?view_only=b26a140d24fc4f26bfea964b3d64458f. 

 Inferential statistics were performed in a Bayesian framework (JASP Team, 2023) 

because that framework allows for the conclusion that the null model fits better than the model 

with a particular effect. A Bayes Factors (BF) for including an effect, compared to matched 

models omitting that effect, of BF>3 is taken as evidence that the effect is probably not null, 

whereas BF<0.33 is taken as evidence that the null model fits best. In either direction, more 

extreme values count as stronger evidence for or against the existence of the effect. 

Items Held in Working Memory 

https://osf.io/jx7q5/?view_only=b26a140d24fc4f26bfea964b3d64458f
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 Figure 6 shows the data in terms of the number of items in working memory. Statistically, 

there was a large effect of age group, BF>149 or higher. There was no main effect of 

presentation condition, although the effect was in the indeterminate range for visual unimodal 

presentations (top middle panel of Figure 6), BF=0.87. For the other conditions, the evidence 

favored no effect, BF<0.32 or lower in each case, or at least 3.1 to 1 in favor of the null. There 

was no interaction in any condition, BF<0.18 or lower in each case, or at least 5.56 to 1 in favor 

of the null. 

 

Figure 6 

Development of Memory for Visual and Auditory Stimuli Presented Concurrently vs. Successively 

Using a Measure of Items in Working Memory 

 
Note. Error bars are standard errors. 
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Analysis into Components 

 Given the confidence in the k measure for the present data set (Figure 6), we proceeded to 

calculate the capacities of central and peripheral portions of working memory on each individual 

as explained above in Equations 1 and 2. (Two of the participants in the youngest group were 

omitted from this analysis because of a divide-by-zero error for Equation 1 in one condition; in 

both cases, 0% detection of a new auditory probe with concurrent presentation and bimodal 

attention.) The results, shown in Figure 7, are remarkably similar across successive presentation 

(top panel) and concurrent presentation (bottom panel) methods and closely resemble what 

Cowan et al. (2018, Experiment 2) obtained with successive presentation, matching the 

theoretical prediction of Figure 4, Panel A. These figures show that although there is a small 

contribution of shared attention between modalities, the bimodal attention condition did not 

detract more from younger participants. The fact that this was the case even with concurrent 

presentation indicates that even the younger children have the capability of encoding visual and 

auditory stimuli concurrently without draining attention in the process.  
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Figure 7 

Analysis of Central and Peripheral Components with Successive (Top) and Concurrent (Bottom) 

Presentation Methods 

 

 

Note. Error bars are standard errors of the mean. 
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3.33 to 1 in favor of the null; or of the interaction, BF=0.08, or 12.5 to 1 in favor of the null.   

 In contrast to the central component, the peripheral auditory component yielded a large 

effect of age group, BF=12,259; the presentation method in the indeterminate range, BF=0.41; 

and the interaction favoring the null, BF=0.06 or 16.67 to 1 in favor of the null. Similarly, an 

analysis of the peripheral visual component yielded a large effect of age group, BF>100,000; no 

effect of the presentation method, BF=0.18 or 5.56 to 1 in favor of the null; and no interaction, 

BF=0.06 or 16.67 to 1 in favor of the null.  

Presentation Order Effects 

 The means for the two-set trials within the successive presentation condition can be 

separated according to whether the presentation involved auditory or visual items first (Appendix 

A). It is possible that there was a benefit of receiving one set at a time but that it was cancelled 

out by the longer wait before being tested on the first set, compared to concurrent presentation. 

We examine this on the basis of the proportion of hits and proportion of correct rejections (when 

the probe was absent from the memoranda) to provide useful detail in the result and to avoid 

recalculating a derived measure (k or d’) based on fewer trials than previously. Table 1 shows the 

results. It suggests that for target-present trials, targets presented within the first set tend to be 

forgotten compared to targets presented in the second set, so that it indeed may be the case that 

there is a disadvantage for Set 1 based most likely on forgetting, and a relative advantage for Set 

2.  
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Table 1 

Effect of Presentation Order on Accuracy 

 

Attention Modality Presented First Presented Second 

   Target Present  

Bimodal   Auditory  0.71  0.82  

 Visual 0.69  0.73  

Unimodal   Auditory 0.67  0.78  

 Visual 0.73  0.82  

   Target Absent  

Bimodal   Auditory 0.61  0.63  

 Visual 0.76  0.78  

Unimodal   Auditory 0.71  0.71  

 Visual 0.84  0.87  

 

Note. Each mean accuracy shown was averaged across the averages for the four age groups. The 

pooled standard error of the mean is .02 for each cell.   
 

 Four separate Bayesian ANOVAs were carried out for trials in the successive presentation 

condition, for auditory probes in target-present and target-absent trials separately, and the same 

for visual probes. This means of analysis allowed us to assess the role of order as a main effect, 

and it helped to maintain homogeneity of variance within an analysis. Each analysis included the 

attention condition (bimodal and unimodal) and the set presentation order (auditory-visual, or 

visual-auditory) within participants and age group between participants. Both analyses of target-

present trials yielded main effects of the presentation order (auditory trials, BF=4,078; visual 

trials, BF=5.68). This was not the case for the target-absent trials (auditory trials, BF=0.16, or 

6.25 to 1 in favor of the null; visual trials, BF=0.39, indeterminate but tending toward favoring 

the null). These results conform to what is seen in Table 1. 

 Among these analyses, there was one interaction involving age group, in the auditory 
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target-absent trials: the three-way interaction between attention condition (bimodal or unimodal), 

audiovisual presentation order, and age group, BF=3.27. It is described here for the sake of 

completeness of our reporting but does not alter our theoretical interpretation. The basis of this 

interaction was that there was less age difference for unimodal trials with an auditory-visual 

presentation order (across age groups, M=0.69, 0.67, 0.69, and 0.78) than for the other three 

conditions (bimodal with auditory-visual presentation, M=0.52, 0.60, 0.66, and 0.65; bimodal 

with visual-auditory presentation, M=0.56, 0.55, 0.61, and 0.80; and unimodal with a visual-

auditory order, 0.55, 0.74, 0.75, and 0.82). We speculate that the unimodal attention to sound 

made young children especially confident that, if the probe tone had been presented in the list, 

they would have remembered it despite its being followed by visual items. This finding would 

conform to the observation of Forsberg et al. (2021) that young children tend to be overconfident 

in their working memories, which helps when the probe was not present in the list.  

A d’ Measure of Memory Strength 

 Some have questioned the validity of the k measure on the grounds that the strength of 

memory (or sensitivity of working memory to an item’s presence) might vary continuously, as in 

a d’ measure (Williams et al., 2022), whereas the k measure rests on the assumption that an item 

is more simply either in working memory or not in working memory. Williams et al. argue that 

the k measure can distort the results. To address this issue, we calculated d’ for every condition as 

Williams et al. did, for comparison with the k measure results. The results of this analysis are 

reported in Appendix B (with Figure B1) and show that the d’ measure yielded results closely 

comparable to the k results shown in Figure 6. This result provides reassurance that the k 

measure and its all-or-none memory assumption about each item was adequate for the present 

purposes. 
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Further Details of the Accuracy Results  

 Further details help to establish the pattern of results already noted. We examine accuracy 

across serial positions and across trials.  

Serial Position Functions  

It is possible that the results for successive versus concurrent presentations might differ 

by serial positions, which could point to different mechanisms in the two cases. We carried out a 

Bayesian ANOVA in the dual-modality memory condition for auditory stimuli, and another for 

visual stimuli. Each analysis included the Age Group between participants and two within-

participant factors: the order of presentation (auditory-visual, visual-auditory, or concurrent) and 

the serial position (probe absent and then probe at Positions 1, 2, 3, and 4). This analysis 

provided no evidence of an interaction of the order of presentation and the serial position, either 

for the auditory stimuli, BF=.03 or 33.33 to 1 in favor of the null, or for visual stimuli, BF=.07 or 

14.29 to 1 in favor of the null. Serial position means are shown in Appendix C (within Table C1). 

In the auditory probe analysis, there was no interaction of the serial position with age group and 

no group x presentation order x serial position three-way interaction, with Bayes Factors of at 

least 500 to 1 in favor of the null. The same was true for the visual probe analysis, with Bayes 

Factors of at least 125 to 1 in favor of the null.  Thus, successive and concurrent presentations 

not only yield comparable overall results, but also give rise to reasonably similar serial position 

functions.  

Trial-by-Trial Accuracy 

 It is theoretically possible that the age effect comes from younger participants becoming 

tired toward the later portions of each session. To examine this possibility, we plotted mean 

performance for each trial in the main task of the experiment, including practice trials, averaged 
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across individuals in each age group. Different participants would receive trials of different 

orders but these differences average out across participants, leaving primarily trial-order-related 

mean performance functions as shown in Appendix D. Figure D1 within that appendix suggests 

that there was not much fatigue in any age groups.  

Auxiliary Tasks 

 The mean running span in number of items correct increased steadily with age group 

(Grades 1-2, M=2.13, SD=0.49; Grades 3-4, M=2.56, SD=0.56; Grades 5-7, M=2.83, SD=0.43; 

Adult, M=3.15, SD=0.62). These scores are comparable with previous results (e.g., Cowan et al., 

2005). The same was true of Ravens Progressive Matrices (Grades 1-2, M=34.25, SD=7.12; 

Grades 3-4, M=42.88, SD=5.62; Grades 5-7, M=44.85, SD=6.91; Adult, M=52.04, SD=4.26). 

For these scores, age norms (Pind et al., 2003; Raven, 2000) suggest that all groups were at or 

slightly below the 75th percentile of the general population.  

We explored whether Ravens Progressive Matrices and running span could serve as 

markers of maturation such that central, peripheral auditory, and peripheral visual components of 

working memory could vary within an age group in a manner that reflects participants’ relative 

levels of maturation within that age group. We averaged the components from the main task 

across concurrent and successive presentations and carried out a Bayesian analysis of covariance 

for the Ravens measure in which the age group was entered as a fixed factor and the three 

components were added as covariates. This analysis yielded a large effect of age group, 

BF>100,000, and also an added effect of the peripheral auditory component, BF=4.49, but not 

the visual component, BF=0.56, or the central component, BF=0.75, both in the indeterminate 

range. The model accounted for 52% of the Ravens variance but without the auditory component 

it was still 50% (and the same with only age group in the model). Thus, most of the variance in 
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the Ravens was absorbed by age group. For a comparable analysis of running span, there was 

again an effect of age group, BF=157.20, but on top of that no clear effect of auditory (BF=0.96), 

vision (BF=0.74), or central (BF=0.31) components. The model accounted for 28% of the 

variance in running span. For the most part, then, our components reflect the age group but not a 

fine-grained view of maturation within an age group. Without considering age group, the 

auditory peripheral component correlates with Ravens, r=.51, BF>100,000, and running span, 

r=.40, BF=474. Similarly, the visual component correlates with Ravens, r=.50, BF>100,000, and 

running span, r=.41, BF=1,321, whereas the central component is not related to the Ravens, r=-

.11, BF=0.22, or running span, r=-.11, BF=0.23. The central component is relatively fixed across 

age groups, and the improvement in performance with age appears to come from how auditory 

and visual streams can be encoded into memory, rather than from how much attention can be 

shared between modalities.  

Discussion 

 We set out to investigate whether there is a bottleneck that applies to the encoding of two 

sets of information, one visual and one acoustic, into working memory concurrently with a 

moderate rate of presentation. Would the working memory representation be inferior to when one 

set is presented after the other? With concurrent presentation of the two sets, would an analysis 

of the components of working memory show a greater use of a general capacity-limited attention 

to maintain information for some age groups than for others? The answer to both questions was 

no; the results for concurrent presentation were quite similar to successive presentation, in 

keeping with the prediction of Figure 4, Panel A. For both methods of presentation there was a 

small cost of retaining two sets that did not change with age, despite a marked increase in the 

number of items of both types retained in working memory with age; the patterns of 
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development were quite comparable for successive and concurrent presentation, as shown in 

Figure 7. Individual differences in aptitude and attention indexed by the Raven Progressive 

Matrices (Raven, 2000) and by running memory span with spoken digit stimuli (Cowan et al., 

2005; Gray et al., 2017), respectively, reflected age group as the main source of variance in 

ability, apparently large in comparison to within-age variation. 

There has been a large variety of research showing developmental improvement in 

working memory in childhood (e.g., Cowan, 2022; Gathercole et al., 2004; Henry, 2012; Shimi 

et al., 2014) and developmental improvement in attention, which should be needed to encode 

stimuli in two sensory modalities (e.g., Ristic & Enns, 2015). None of this research, to our 

knowledge, indicates that even young children should be as good as adults at encoding into 

working memory separate visual and auditory stimuli concurrently. Yet, the present study shows 

that with our moderate presentation rate, it hardly mattered whether series of colors and tones to 

be remembered in an immediate recognition task were arranged with all of one modality 

presented before all of the other modality (Figure 1A, successive presentation) or with one color 

coincident with each tone (Figure 1B, concurrent presentation). The absence of consequence of 

the arrangement of items could not have been guessed from the extant literature reviewed in the 

introduction. The common wisdom is still that participants can attend to only one channel of 

information at a time (e.g., Broadbent, 1958; Cowan et al., 2024), but it was never clear whether 

that result obtained because the rate of information occurring in both channels was fast, or 

whether the act of constructing two separate streams of representations at once was too much of 

a burden on working memory. The present results indicate that even in the early elementary 

school years, constructing two streams of representations at once is entirely do-able within the 

overall working memory capacity limit of the individual, which increases markedly with 
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development.  

We allowed 500 ms per pair of items in the concurrent condition and, apparently, 

encoding and maintenance were as good as they were when the modalities were presented one at 

a time. We know that there is a limit to the speed of encoding of items into working memory, 

about 250 ms per item in adults (Vogel et al., 2021) but it does not seem to be a problem to 

encode two very distinct channels within the constraints of this time window. Or, possibly there 

is a difficulty of concurrent encoding that is exactly balanced out by the difficulty in the 

successive-presentation condition of maintaining the first sequence while encoding the second 

one into working memory. Our results examining the performance levels for the first and second 

sets in the successive condition support that interpretation, showing better performance for the 

second set across all age groups.  

 The concurrent and successive presentation orders of the present study also both replicate 

what was obtained previously (Cowan et al., 2018) in a successive-presentation condition using 

the same stimuli as the present study (Figure 3). With maturation, there is no evidence that 

children start storing more information concurrently in the focus of attention, a form of “central” 

memory that must be allocated to one or both modalities depending on the task. Instead, with 

development, there is a dramatic increase in the number of tones and colors remembered in a 

manner that is impervious to a dual-task cost. The dual-task cost remains the same across age 

groups, whereas the modality-specific or what we have termed peripheral components of 

working memory, the parts impervious to dual-task interference, increase markedly with age (and 

decrease again with adult aging: Greene et al., 2020). This is not to say that attention is 

uninvolved in the development of working memory; indeed, like Cowan et al., we believe that 

attention becomes more adept at forming patterns that can be retained with a reduced investment 
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of attention for maintenance. It presumably occurs by off-loading newly-learned sets of items, 

which become temporarily activated parts of long-term memory, freeing up the capacity-limited, 

attention-demanding focus of attention for other activities (Cowan et al., 2024; Rhodes & 

Cowan, 2018). These may include both encoding of another set into working memory, and 

intermittent attentional restoration or improvement of the memory representations (Camos & 

Barrouillet, 2018; Ricker & Vergauwe, 2022) that we take to be held in the activated portion of 

long-term memory. Assessing this interpretation is a priority for further research.  

 One limitation of the previous study is that although the rate of stimulus presentation is 

equated between conditions, the concurrent presentation condition required maintenance of one 

of the modalities for a shorter period than the first-presented modality in the successive 

presentation condition. In future work it would be possible to equate the two conditions for the 

total duration of the presentation period (cf. Ricker et al., 2014), or to insert an unfilled delay 

between the stimuli to be remembered and the test. Although this kind of experiment 

theoretically could show superior performance for the successive presentation condition, the 

present results show that one can speed up the presentation of two modalities by making them 

concurrent without loss of working memory, regardless of the participant’s age from early 

elementary school to adulthood. That is a result of potential theoretical importance for the theory 

of cognitive development, and of potential practical importance for teaching methods.  

When an individual is confronted with two concurrent stimuli to be encoded into working 

memory, as in the concurrent presentation condition of the present study, there are likely to be 

several ways that the task can be carried out. According to a parallel processing method, both 

stimuli (auditory and visual) can be encoded into working memory concurrently. According to a 

serial processing method, however, participants could encode one modality, then switch attention 
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to the sensory memory of the stimulus in the other modality (Cowan, 1988, 1995) to encode it. 

Previous research suggests that it is quite difficult to distinguish between the serial versus 

parallel nature of processing (Moran et al., 2016; Townsend, 1990; Treisman, 1988) or between 

the sharing of resources between two events or switching attention between them (Hitch et al., 

2001). Another choice for stimulus presentation could have been to alternate modalities, which 

would prevent parallel processing of the two modalities but, given that it would impose no more 

demand than the concurrent presentation of modalities and no less demand than successive 

presentation of the modalities, we would expect comparable results. Participants should be able 

to form separate streams for two modalities in alternation (Broadbent, 1956) though this is still 

an important prediction for future research.  

 Whatever the best explanation of the findings, they provide preliminary evidence that a 

multisensory presentation in an educational setting may not be overly taxing to the working 

memory encoding capabilities of children even early in the elementary school years. In contrast, 

the data confirm that a key limitation is the total number of separate items to be held 

concurrently in working memory (Cowan et al., 2018), no matter whether they were presented 

concurrently or successively.  
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