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ABSTRACT

Multimedia user interfaces incorporate various feedback methods using different
modalities. Cognitive processing of audiovisual information requires the ability
to recall visual and auditory information, either separately, or in combination.
Short-term memory capabilities vary individually and depend on factors such as
signal presentation and the number and type of visual and auditory items. In
an experiment involving 40 subjects, we aimed to compare short-term auditory
and visual capabilities in a serious game application. Subjects played the ‘Pairs’
game at different resolutions, using either visual icons or audio samples, while
the total time cost and number of flips were recorded. The results indicate that
visual memory is not superior, and female subjects performed better than males
at higher levels in the visual task. Additionally, human sound samples, speech
and familiar auditory icons were found to be easier to recall than artificial mea-
surement signals.
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1. INTRODUCTION
Augmented and virtual reality solutions, assistive technology applications, virtual audio displays

(VAD), games, and simulators are just some of the emerging fields where feedback is based on audiovisual
information. Users often need to recall the visual and/or auditory representations of specific events on the
screen and recall their meaning, and sometimes even their spatial location. Usability of the multimedia in-
terface varies depending on the number of events, user experience, and cognitive capabilities. It is essential
to remember the meaning behind a given representation. This cognitive process involves the utilization of
both visual and auditory memory in the brain, both in the long-term and short-term. Early experiments in
psychology did not incorporate computer-based methods. Developments in technology later allowed for using
computers both for experimenting and for data collection and evaluation. In addition, computer games evolved
and introduced a variety of audiovisual information for entertainment purposes. Recently, the need for com-
bining entertainment and experimental data collection involving human subjects emerged. Serious gaming, or
gamification, is a method used to collect scientific data through a gaming scenario. A well-designed game can
enhance the user experience, maintain and increase motivation, while also allowing for the analysis of results
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with scientific merit. Using gamification, scientific experiments can be designed and executed to collect data
in an entertaining and motivating process for any age or gender groups [1]–[6].

Subjects have a limited capacity to recall information and working memory plays a key role in this
process. The terms “working memory” and “short-term memory” are often used interchangeably [7]–[11].
They both refer to immediate conscious perceptual and linguistic processing for a limited amount of informa-
tion and time. During this active process, temporarily stored audio and/or visual information can be accessed
and manipulated. The storage time for short-term is generally around 20-30 seconds or even less [12]–[14].
Long-term memory differs from short-term memory primarily in terms of duration but also in capacity [8].
The most important property of working memory is the limited capacity. It was demonstrated that the visual
working memory can store 3-4 objects [15]–[20]. However, a larger number of objects can also be recalled
with varying precision, and there are individual differences and large variability in repeated measurements
[21], [22]. In the case of auditory memory, most studies have focused on the short-term effects; however, com-
parisons with long-term effects have also been made [23]–[26]. Capacity limits here were also suggested to be
around “seven plus or minus two” [27]. The results contrasting the abilities of the audio and visual modalities
have not been conclusive. Most studies have shown superior visual performance [28]–[34]. However, some
experiments have found similar memory performance [35], [36]. Variability in former results and outcomes
could be attributed to the sensitivity of the experiments to initial parameters. Auditory information can also
be presented alongside visual information in a mixed mode. Memory performance has been demonstrated
to be better for semantically congruent stimuli presented together in different modalities compared to stimuli
presented with an incongruent or non-semantic stimulus across modalities [37]–[41]. Semantically congruent
verbal and non-verbal visual stimuli presented in tandem with auditory counterparts can enhance the precision
of auditory encoding. Semantically congruent presentation, where the iconic representation is easily linked to
its meaning, generally aids in this process. Better performance can be achieved with meaningful stimuli and
cognitive training [42]–[46]. In particular, human sounds were shown to be detected better, especially in the
case of speech and human-generated vocal sounds [47], [48].

Although most previous works suggest otherwise, there is no evident consensus on the superiority of
visual memory, especially in short-term recall tasks. In the case of visually impaired individuals, the processing
of auditory information can be even more enhanced. They are the most important target group in the develop-
ment of assistive technology, where auditory memory plays an even more significant role. Furthermore, sound
design and sonification approaches constantly deal with the problem of the proper selection and optimization of
auditory events for feedback. The results can be very sensitive to the age, gender, or experience of the subjects;
thus, a larger number of participants is required. This number should generally exceed 30, a requirement that
is seldom met. Exhaustive laboratory procedures can be demanding, especially for the subjects; therefore, a
gamification approach with a familiar game design can enhance the reliability of the data. An application with
the possibility to set the number of items to be recalled from “very easy” to “very difficult” can also highlight
the limitations in capacity, and determine if there is a trade-off limit in cognitive processing. The purpose of
our experiment is to test differences between modalities, genders, limits, and types of stimuli in a short-term
recall task of information.

This paper presents an experiment involving untrained subjects using a serious game application based
on the “Pairs” memory game in both visual and auditory modes, across various resolutions. Section 2 describes
the measurement setup, including the software implementation, the experimental procedure, and data evaluation
methods. Section 3 presents results based on statistical analysis. Outcomes will be discussed based on the
results in section 4, followed by the final conclusions.

2. MEASUREMENT SETUP
First, the software environment, including the game and the data collection module, was designed,

programmed, and tested. Following this, the measurement procedure (data collection and evaluation) and the
applied methods were determined. Finally, the recruitment of subjects and the laboratory setup were completed.

The memory game “Pairs” was selected for the experiment. In this game, players flip cards to match
pairs. The familiar and simple gameplay, as well as the easy implementation of different modalities (audio
and/or visual), were the most important factors in the decision. Furthermore, this type of game engages the
players’ short-term memory.
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The GUI is simply organized. Figure 1 shows two screenshots of the game. Upon initialization, the
user or the experimenter enters user relevant data (ID, gender, and age) and selects the modality and resolution
(number of pairs). Each level with a higher resolution includes all pairs from the previous level; for example,
all 5 pairs in the 5×2 resolution are included in all subsequent resolutions.

In the visual mode, black-and-white icons were displayed, while in the audio mode, short, iconic
sound samples were played back. Figure 2 illustrates all the available icons and their corresponding auditory
events. The icons were designed to represent the semantic meaning of the sound samples while keeping them
very simple. Auditory samples were downloaded from public databases or recorded and then modified (e.g.,
adjusting sound levels, cutting, and shortening). These samples were selected to represent different sound
types, such as human-related sounds, everyday sounds, and meaningless sound events (acoustic measurement
signals). Upon starting the game, icons or audio samples are randomized. In both modalities, the corresponding
visual icon is revealed after successfully matching a pair. If there are 10 seconds of inactivity, the game will be
aborted without saving the data. A more detailed description of the coding procedure can be found in [36].

Figure 1. Screenshots of the game. Initial screen (left) and an ongoing game in 4×4 resolution

Figure 2. All visual icons and the corresponding auditory samples in the highest resolution (6×8). Green
color indicates “artificial measurement signals”, yellow represents “human sounds” and white signifies

“auditory icons or earcons”
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Total number of flips, total game time and flip number for each pair were recorded and stored using
the flexible JSON file format. For evaluation of the results, the JSON files were imported into Excel. Statistical
evaluation of the results was performed using the Excel Solver, including paired t-tests and ANOVA, followed
by Tukey post-hoc analysis at the 0.05 significance level.

In the experiment 40 subjects participated, 20 males (age 18-43, mean 20.50 years; standard deviation
(SD) 6.24) and 20 females (age 18-50, mean 27.85; SD 11.80). The subjects were seated in a quiet laboratory
room and used a standard laptop computer with built-in speakers that they controlled with a mouse. After ex-
plaining the purpose of the experiment, subjects engaged in playing the game. During the process, subjects first
played the visual game, starting with the smallest resolution (5×2), and then progressed to higher resolutions
(up to 6×8). Following a short break, the same procedure was repeated in the audio modality. Subjects were
encouraged to minimize their error rate (number of flips) but could choose any gaming strategy and speed.
The game is currently not available to the general public, as further experiments are ongoing. However, after
completing the laboratory measurements, both the current version of the game and an updated version with a
crowdsourcing module will be published and made available for use.

3. RESULTS
The main focus of the evaluation is to detect differences based on gender, between the two modalities,

and among the auditory samples, using completion time and flip numbers as metrics. In this section, results
are first presented based on gender comparison, followed by comparisons of modality and resolution. Finally,
specific findings for each resolution are presented. The next section discusses the findings.

3.1. Gender comparison
Tables 1 and 2 show mean and SD values for time and flips for both genders and modalities based on

gameplays at all resolutions combined. In visual mode, the difference in time cost between the genders was not
significant (F=0.36; p=0.55), but the mean number of flips showed significantly better results (fewer flips) for
females (F=7.73; p=0.006). However, there was no difference observed for either time or flips in audio-only
mode (F=0.47; p=0.49) and (F=0.73; p=0.39), respectively.

Table 1. Summarized results over all resolutions of time costs (in seconds) and number of flips (mean and SD
values) for each modality (males)

Modality Time Flips Time Flips
Vision Vision Audio Audio

Mean 128.01 102.18 232.73 92.63
SD 94.52 78.82 184.63 70.54

Table 2. Summarized results over all resolutions of time costs (in seconds) and number of flips (mean and SD
values) for each modality (females)

Modality Time Flips Time Flips
Vision Vision Audio Audio

Mean 121.93 80.94 219.53 86.08
SD 96.71 65.50 182.08 74.90

3.2. Comparison of modalities
The time cost for visual gameplays was consistently significantly lower than for audio mode, but this

is attributed to the presentation method rather than the cognitive functions of the subjects in this case. Visual
icons were revealed immediately after clicking on a card, whereas audio samples required 2-4 seconds each to
play back. Thus, when comparing the modalities among males (Table 1), the mean completion time for visual
stimuli (128.01) is significantly faster than for audio (232.73) (F=45.89; p=5.16E-11). Interestingly, there was
no significant difference in flip numbers (F=1.47; p=0.23). The same pattern holds for females (Table 2), where
the difference between the mean times (121.93 and 219.53) is significant (F=40.34; p=6.47E-10), but not for
flip numbers (F=0.48; p=0.49).
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3.3. Comparison depending on resolution
Figure 3 presents the results for all resolutions used and for both modalities. Mean time cost and flip

values for males/females are collected and presented alongside the ANOVA results. “No” indicates a statis-
tically insignificant difference between the means, while “yes” indicates a statistically significant difference
between the genders. Lower values (less time, fewer flips) indicate better results. For instance, in the 5×2
resolution, the mean flip value in audio mode for males (21.50) appears higher than for females (19.90), but it
is not significant (p=0.46). In contrast, the difference in the same evaluation in visual mode shows better results
for females.

Using some of the data from Figure 3, we can rearrange the results to create Tables 3 and 4. Here, the
time information is omitted, allowing for a comparison based solely on the mean flip numbers across all res-
olutions. These results support that there was no significant difference in flip number between the modalities,
neither for females nor for males, regardless of resolution. Only one of the 18 paired comparisons showed a
slightly significant difference (Table 3): in the 6×6 resolution for males, where the mean flip number in audio
mode (129.20) is better than it is for visual mode (156.55).

Figure 3. Summarized results for all resolution (raw×column) for gender comparison (male/female) based on
time and flips

Table 3. Summarized results for modality comparison based on mean flips numbers in each resolution (males)
Audio Vision ANOVA

5×2 21.50 21.90 F=0.06; p=0.80
3×4 25.70 24.50 F=0.53; p=0.47
4×4 39.80 43.30 F=1.49; p=0.23
4×5 56.50 62.00 F=1.46; p=0.19
4×6 71.10 78.00 F=1.20; p=0.28
6×5 108.50 110.50 F=0.04; p=0.84
6×6 129.20 156.55 F=5.36; p=0.03
6×7 177.60 192.40 F=0.90; p=0.35
6×8 205.00 230.50 F=1.45; p=0.24
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Table 4. Summarized results for modality comparison based on mean flips numbers in each resolution
(females)

Audio Vision ANOVA
5×2 19.90 18.40 F=0.61; p=0.44
3×4 24.50 21.50 F=2.78; p=0.10
4×4 47.30 38.10 F=2.25; p=0.14
4×5 46.30 50.50 F=0.74; p=0.39
4×6 68.10 67.15 F=0.02; p=0.89
6×5 90.80 88.25 F=0.05; p=0.83
6×6 122.60 118.45 F=0.06; p=0.81
6×7 157.30 146.40 F=0.24; p=0.62
6×8 197.90 179.70 F=0.52; p=0.47

3.4. Results in each resolution
As expected, when comparing visual icons, there was no significant difference in any of the resolutions

among the iconic representations, neither in time nor in flip numbers. However, flip numbers show that audi-
tory samples may be recalled differently depending on the type and number of concurrent items (resolution).
Findings will be discussed in section 4.3.

In the 5×2 resolution, there were no significant differences in time cost and flips between males and
females for audio mode. In visual mode, time costs were the same, but females performed significantly better in
flips. When comparing the five sound samples (combining female and male data) based on mean flip numbers,
no differences were found among them.

At the 3×4 and 4×4 resolutions, there was no difference between the genders in either audio or visual
mode, for both time cost and flips. Similarly, when comparing the six and eight sound samples, respectively,
there were no differences among them. At 4×5 resolution, female subjects performed significantly better in
audio mode for both time cost and flip number, while in visual mode, the difference was significant only for
flip number. Additionally, there was a significant difference among the ten sound samples.

In the 4×6 resolution, there were no differences between the genders in either audio or visual mode,
for both time cost and flips. However, there was a significant difference among the 12 sound samples. Results
for the highest resolutions (6×5, 6×6, 6×7, and 6×8) showed no difference between genders in audio mode
for either time cost or flips. However, in vision mode, there was a significant difference in flip numbers,
with females requiring fewer flips. When comparing the sound samples, significant differences were observed
among them, except for 6×5, although this may also be considered an outlier.

4. DISCUSSION
This section analyzes and discusses the results from the previous section. The evaluation is based on

gender, modality, type of stimuli, and memory capacity (resolution).

4.1. Gender
Comparison of genders can be made based on Table 1 and Table 2. In audio mode, there were no

differences in time and flips. Interestingly, females performed better in visual mode regarding flip numbers,
especially at higher resolutions. The only exception was 4×5, which we consider an outlier, as it is unlikely
to be significantly different from 4×4 and 4×6. Early psychological studies did not aim to explore gender dif-
ferences, and reviews suggest that neither sex can be said to have a better memory per se; rather the two sexes
differ in terms of what type of information they remember best. Variations in memory performance between
men and women may be due to their physiological capabilities, their interest, their expectations, or some com-
plex interaction of these factors [49]. A present meta-analysis aimed to quantify gender differences in verbal
working memory showed that gender differences differed across tasks [50]. Although it has been commonly
held that males show an advantage on spatial tasks, and females on verbal tasks, there is new evidence that gen-
der differences are more widespread, and female verbal advantage extends into numerous tasks, with a small
but significant advantage may exist for general episodic memory [51], [52]. Recognition-memory tests also
revealed individual differences in visual episodic memory. In an experiment, females outperformed males on
face recognition-memory tests, and this advantage was related to females’ scanning behavior [53]. Although
in our experiment the icons in the game were spatially aligned and higher resolutions were larger in size than
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smaller ones, spatial attributes did not play a significant role. We speculate that the better results in the visual
task may be attributed to the scanning and gaming strategies employed by females.

Regarding auditory memory, a recent study compared 30 young females and 30 males in a short-term
memory test. Females performed better in the visual task, and visual memory was shown to be superior to
auditory memory for both genders [54]. We can support the first observation, but we have found no difference
between the modalities. A similar study also concluded that females perform better in visual task [55]. Another
study targeting gender and age group differences in episodic memory involved a very large sample of 366 fe-
males and 330 males. Women outperformed men on auditory memory tasks, whereas male adolescents showed
higher level performance on visual episodic and visual working memory measures [56]. As our observations
did not support these results, we can still speculate that the initial conditions of the tests play a significant role.

Former results partly support a declining performance on episodic memory and visual working mem-
ory measures with increasing age [56]. In our experiment, there was no evaluation based on the age of the
subjects. All participants were relatively young, except for one outlier, a 50-year-old female, whose results in
audio mode significantly differed from the means both for time and flips. Otherwise, we did not find outliers in
the groups.

Generally, on smaller resolutions, individual differences may be significant. Our previous experiment
with this setup indicated that younger subjects produce better results [36]. However, in both experiments,
the selection criteria were not suitable for a correct age comparison or for conclusive results. It is suggested
to design experiments specifically to test the effect of age, as it appears to be an important factor. From an
engineering point of view, gender does not appear to play a significant role in the design and development
procedure of applications where episodic memory is important.

4.2. Modalities
The time cost for visual gameplays was always significantly lower than for audio mode, but this is due

to the presentation method and not the cognitive functions of the subjects in this case. Visual icons are revealed
immediately after clicking a card, whereas playback of audio samples takes several seconds each. Although
it is not required to wait until the sound sample is finished, subjects usually waited until the end. To make a
correct comparison, a delay should be inserted in visual mode to correct for timing irregularities. However, this
kind of comparison would not be very meaningful. In fact, a parallel investigation that included a mixed mode
(audio and visual combined) revealed that the completion time in this case lies between audio-only and visual-
only modes, as subjects take some time to reconsider the position of the visual icons during audio playback.
Moreover, this combined audiovisual presentation seemed to decrease the mean number of flips as well.

Many previous experiments have shown visual memory to outperform auditory memory [31], [57]–
[60]. Also, the studies mentioned in the gender section generally support this observation. However, some
other papers have reported that there is no difference between them [61], [62]. Scores could even be better
when processed through the auditory modality, such as for children [63], [64]. Comparing visual and auditory
modalities in our experiment, there was no significant difference in flip numbers for males (F=1.47, p=0.23),
and the same holds for females, with the difference also not being significant (F=0.48, p=0.49). Tables 3 and 4
corroborate this observation, with one exception: the 6x6 resolution for males showed a somewhat significant
difference.

Our results indicate no significant difference between the visual and auditory modalities for flip num-
bers in this game, regardless of the number of items (ranging from 10 to 24) or gender. This finding is important
from an engineering perspective, as application developers can reliably use audio information if short-term re-
call is important. The reason and parameters for achieving results with audio that are as good as those with
visual stimuli remain an open question, and further experiments should be carefully designed and conducted.

4.3. Sound comparison
Figure 2 introduced the sound samples used in the experiment, presented in the order of appearance

with increasing levels. The first ten samples comprise measurement signals and male and female voice samples.
Following these, Violin1 and Guitar1 are the first auditory icons, introduced at the 4×6 level. Subsequently,
the sound of a “kiss” was added exclusively at the highest level, 6×8. Originally intended as an auditory icon,
it was discovered to be more akin to a “human sound,” more closely related to the voice samples.

Table 5 presents the summarized findings for all resolutions in a simplified form, indicating whether
there was a significant difference among the sounds according to the mean flip numbers of the individual sound
sample. The second column denotes the number of differences identified through all possible paired t-tests
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during the Tukey post-hoc analysis. The results indicate that up to 8 sound pairs, there was no discernible dif-
ference between the sound samples, including the male voice sample. However, the introduction of the female
sample in the 4×5 resolution resulted in significantly better performance for this particular sample (observed
3 times). As additional samples, including different auditory icons, were introduced, some emerged as signif-
icantly better recalled than others. These include female and male voice samples, kiss sound, and in certain
cases, toy train, whistle (also closely resembling human sounds), and phone ringing. Although no clear pattern
emerged among the auditory icons, human sounds were generally favored and better recalled than other sounds.
Notably, the 6×5 resolution exhibited no significant differences, but we suspect this may be an outlier.

Table 5. Results of the ANOVA and Tukey test showing how many times a paired t-test revealed significant
difference (fewer flip number)

Significant difference Differences in paired t-tests Number of sound pairs Resolution
No 0 5 5×2
No 0 6 3×4
No 0 8 4×4
Yes 3 10 4×5
Yes 4 12 4×6
No 0 15 6×5
Yes 6 18 6×6
Yes 1 21 6×7
Yes 16 24 6×8

A former experiment incorporated two sets of visual icons and their auditory counterparts only in
a 3×5 resolution [65]. Sound stimuli consisted of auditory icons and earcons. The results showed that the
participants made faster and more correct matches between visual icons and auditory icons than between visual
icons and earcons. We support former findings that familiar natural sounds are better recalled [65], [66]. In the
case of auditory icons, the recall process may also depend on the task, and the amount of spectral–temporal
structure in a sound can be indicative for memory performance [67].

Standardized measurement signals allow for easy comparison across repeated experiments. On the
other hand, auditory icons and earcons can vary significantly, even when conveying the same semantic meaning
(e.g., guitar, phone ringing). This variability may result in greater differences in results when using different
sound samples. Speech and human sound samples represent an intermediate solution. Generally, our findings
support the idea of using iconic human sound samples and auditory icons, as they are better recalled than
unfamiliar and unpleasant artificial measurement signals. Furthermore, our results indicate that there are no
significant differences even between similar sounds, such as pink noise-white noise, 1 kHz sinus-1 kHz square,
and 1 kHz sinus-5 kHz sinus. Although some subjects reported confusion with these sounds during informal
feedback after the experiment, statistical analysis did not support this speculation. As mentioned previously,
no difference was observed in the visual mode, as the iconic representation was intentionally designed to be
similar, such as avoiding the use of colors or different sizes. From an engineering perspective, even short-term
recall of iconic auditory events can be improved by using human-related and familiar everyday sound samples.
Artificial sounds can be employed when necessary, such as for alarm sounds, neutral notifications, or when
meaningful sounds might cause confusion.

4.4. Memory capacity and limitations
The short-term memory capacity has been extensively studied, particularly in psychology, neurology,

and cognitive sciences, with a primary focus on visual and/or speech memory. In visual scenarios, the recall
capacity was found to be influenced by the complexity of items, with simpler objects being easier to remember
[68]. It was also suggested that the limited capacity of short-term memory could be a consequence of efficiency
of design, with an effective upper limit of about 5 to 9 items [69]. Our results align with these, as error rates
and differences among the auditory icons increased after resolution 4×5 (10 pairs). Informal feedback from
the subjects also supported this finding, as they reported that the game was relatively easy with 5-8 pairs in
both modalities. The game includes a built-in reward system to motivate players. If a player completes a game
without any errors, they receive a “perfect game” feedback. Only at the lowest resolutions (up to 8 pairs) were
players able to achieve this.
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Although some previous studies suggested a precise capacity limit of three to five chunks, a review
article presented a range of data on different capacity limits. It was proposed that a more accurate limit might
be around four chunks [27], [32], [70]. Our results suggest a higher number around 8. For auditory events,
fewer results are available. An overview was presented on how auditory memory functions, with a focus on
how attention influences outcomes [26]. In engineering, audiovisual memory capacity plays an important role.
Our results suggest that both auditory and visual representations can be effectively recalled in the short term
for up to 8-10 items. In addition, training working memory has been found to generally enhance its capacity
[71]. This highlights the importance of experience and a-priori training. Further investigations could focus on
the effects of such training.

5. CONCLUSION
40 subjects participated in a gamified experiment focusing on short-term audiovisual memory. Sub-

jects played a familiar memory game in both visual-only and audio-only modes, incorporating iconic visual
and auditory representations in nine different resolutions ranging from 5×2 to 6×8. Results indicated no sig-
nificant difference between the visual and auditory modalities based on the number of flips. The superiority in
the results for visual presentation in the completion time was due to the presentation method. During visual
presentation, the mean flip number of female subjects was less than for male subjects only if the number of
pairs exceeded 15 (6×5). There was no difference in the audio mode. Gender did not appear to be a significant
parameter.

Measurement signals, human sounds, and auditory icons were examined based on mean time cost and
flip numbers. Evaluation of the sound samples indicated that human sounds can be recalled the best, followed
by auditory icons. This supports former findings about the importance of familiarity and semantic content of
iconic sound samples during designing auditory displays and feedback solutions (i.e., for assistive technology,
augmented reality/virtual reality (AR/VR) environments, and simulators). The results can be sensitive to initial
parameters such as the age of the participants, the duration of the experiment (including the effects of training
and fatigue), and the selection criteria of auditory icons. Future work will address open questions about the
significance of the subjects’ age, the impact of experience, and the usability of crowdsourcing solutions for big
data evaluation.
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[67] E. Özcan and R. van Egmond, “Memory for product sounds: the effect of sound and label type,” Acta Psychologica, vol. 126, no. 3,

pp. 196–215, 2007, doi: 10.1016/j.actpsy.2006.11.008.
[68] R. Luria, P. Sessa, A. Gotler, P. Jolicoeur, and R. Dell’Acqua, “Visual short-term memory capacity for simple and complex objects,”

Journal of Cognitive Neuroscience, vol. 22, no. 3, pp. 496–512, 2010, doi: 10.1162/jocn.2009.21214.
[69] J. N. MacGregor, “Short-term memory capacity: limitation or optimization?,” Psychological Review, vol. 94, no. 1, pp. 107–108,

1987, doi: 10.1037/0033-295X.94.1.107.
[70] R. W. Engle, “What is working memory capacity?,” in The nature of remembering: Essays in honor of Robert G. Crowder, H.

Roediger, J. Nairne, I. Neath, and A. Surprenant, Eds. American Psychological Association, 2001, pp. 297–314.
[71] H. Schwarb, J. Nail, and E. H. Schumacher, “Working memory training improves visual short-term memory capacity,” Psychological

Research, vol. 80, no. 1, pp. 128–148, 2016, doi: 10.1007/s00426-015-0648-y.

BIOGRAPHIES OF AUTHORS

György Wersényi was born in 1975 in Győr, Hungary. He received his M.Sc. degree in
electrical engineering from the Technical University of Budapest in 1998 and his Ph.D. degree from
the Brandenburg Technical University in Cottbus, Germany. Since 2002 he has been a member of the
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https://orcid.org/0000-0001-8696-8108
https://scholar.google.hu/citations?user=UxuolBQAAAAJ&hl=en
https://www.scopus.com/authid/detail.uri?authorId=6506858994
https://orcid.org/0000-0001-9885-137X
https://scholar.google.com/citations?user=5WMeN5UAAAAJ&hl=en
https://www.scopus.com/authid/detail.uri?authorId=34771274700
https://orcid.org/0000-0001-7607-6739
https://scholar.google.hu/citations?user=HxfhfCYAAAAJ&hl=hu&oi=ao
https://www.scopus.com/authid/detail.uri?authorId=55750689900

	Introduction
	Measurement Setup
	Results
	Gender comparison
	Comparison of modalities
	Comparison depending on resolution
	Results in each resolution

	Discussion
	Gender
	Modalities
	Sound comparison
	Memory capacity and limitations

	Conclusion

