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Figure 1: Does expertise in one modality affect the value of adding another modality? Our experiment investigates whether a
user’s expertise in the audio domain affects the benefit that they get when moving from a visual-only or audio-only presentation

to an audio+visual presentation.

Abstract

Multimodal output presents information through multiple sensory
channels, and has been shown to improve performance. However,
previous work has not considered how expertise in one modality
could affect the usefulness of multimodal output. Expertise could
potentially reduce the effectiveness of adding another modality (e.g.,
by interfering with or distracting from the first). To investigate how
expertise affects the value of multimodal output, we conducted a
study where participants with three levels of audio experience in-
terpreted differences between two values presented as visual, audio,
or audio+visual information. We assessed the improvement in time
and errors when moving from unimodal to multimodal presenta-
tion. Results showed substantial effects of audio expertise: experts
improved much less than novices when visual information was
added to audio, and improved much more than novices when audio
information was added to visual. Our study shows that designers
should consider user expertise when designing multimodal output.
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1 Introduction

Multimodal output presents information to the user through multi-
ple sensory channels (e.g., visual, auditory, or tactile). Multimodal
output can be used for feedback (e.g., providing both visual and tac-
tile information about a targeting movement [15]), notification (e.g.,
alerting the user to the occurrence of an event using both visual and
audio cues [16]), or information presentation (e.g., showing a visual-
ization to compare two values, with an accompanying auralization).
In addition, the distinct output channels of a multimodal system
can be used to present the same or different information: when the
same information is encoded through different sensory channels, it
can reinforce the message and make it more resilient to noise or
attentional demands [2]; when different information is presented
in each channel, the additional information is complementary to
the primary message [9].

Previous research has shown that in several usage scenarios,
multimodal presentation can improve performance compared to
unimodal presentation. Adding feedback modalities such as haptic
and audio to interactions such as icon location, scanning, and drag-
and-drop mouse movements can lead to improved task completion
time, accuracy, and accessibility [15] [10] [3]. These performance
gains are particularly notable in the context of accessible computing;
Jacko et al. found that users with visual impairments completing a
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drag-and-drop task typically performed best when provided with
tri-modal or bimodal feedback as opposed to unimodal feedback
[8]. Additionally, multimodal output has improved performance
in real-life applications such as PROMUSE, a protein structure
alignment software that presents protein traits visually and as
audio [6]. There are also examples of multimodal interfaces failing
to improve performance - Lee et al. showed that combinations of
haptic and visual feedback can be ineffective in drag-and-drop tasks
[10], while Lin and Chen found the addition of audio feedback to
menu item selection had little-to-no impact on user performance
[12].

However, previous work has not considered how expertise in
one modality can affect the usefulness of adding another modality.
In this paper, we consider how a user’s ability to recognize discrete
pitches, a skill known as interval identification, could affect the
usefulness of combined audio-visual output. Expertise in pitch iden-
tification could potentially reduce the effectiveness of multimodal
presentation for several reasons: for example, if the user focuses
entirely on the modality that they are familiar with, they may not
get the reinforcement of the other modality; or if the second modal-
ity causes interference with the first, interpretation accuracy could
be compromised.

Variability in expertise is perhaps most likely to occur in the
audio domain. Different users may have widely different experience
with musical training, leading to varying abilities in sub-tasks such
as interpreting pitches, intervals, and rhythms — abilities that are
critical for working with audio interfaces such as Earcons [1] that
may be part of multimodal output.

To explore the effects of audio expertise on the value of mul-
timodal output, we carried out a study that asked participants to
identify a difference between two values that was encoded either
unimodally (visual or audio only) or multimodally (simultaneous
audio and visual presentation of the same information). Twelve
differences were represented as stimuli using distance: in the visual
domain, using the distance between two lines on the screen; in the
the audio domain, using the distance between two musical notes.

Participants first carried out interpretation tasks with the two
single modalities (with order counterbalanced), and then completed
tasks with the multimodal presentation. We recorded completion
time and errors for each trial, as well as participants’ subjective
confidence. Participants were divided into three expertise groups,
based on the amount of musical training they had received: novices
had no musical interval recognition training and between 0 and 2
years of music training overall, intermediates had between 3 and
9 years of combined musical interval identification and general
music training, and experts had either general musical and interval
identification training exceeding 10 years or self-identified as a
musical interval expert during recruitment.

Our analysis focused on the difference in performance between
unimodal and multimodal presentations, and we carried out the
comparison separately for each single modality (i.e., Audio alone vs.
Audio+Visual, and Visual alone vs. Audio+Visual). We then analyze
the size of the performance difference for the three different levels of
audio expertise. (Since multimodal was always seen after unimodal,
we expect to see improvement due to increased experience with
the task — but this effect is equal across all conditions, and so does
not affect comparisons between expertise groups).
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Our results show that there are substantial effects of audio ex-
pertise on the value of multimodal information presentation:

e Expertise affects how much a user benefits from adding a
second modality: audio experts benefited from the addition
of audio feedback significantly more than novices.

o Adding visual feedback significantly improved performance
for audio novices, but only marginally benefited experts.

o The workload experienced by novices was consistent regard-
less of modality type, whereas audio experts reported lower
Frustration and higher Perceived Performance when using
audio information.

e Audio experts reported higher Mental Workload when mov-
ing from the audio-only to audio-visual interface while novices
did not.

Our study shows that for difference information that can be
presented either unimodally or multimodally (and that provides
the same information in both modalities), there can be large dif-
ferences in the value of a multimodal presentation, based on the
user’s experience with the audio domain. As a result, designers
should consider the expertise of their users in the development of
multimodal feedback.

2 Related Work

We examine prior research exploring the impact of integrating mul-
timodal feedback into computing systems here, as well as several
studies that have looked at multimodality and expertise.

2.1 Output Modalities

2.1.1 Earcons. An audio-counterpart to visual icons, Earcons are
audio cues output by a computing system that provide information
about the state of a system or provide user feedback [1]. Brewster et
al. provided a set of guidelines for implementing pitch as a method
of item selection from a set of audio icons, noting that pitches
should be distinct for each item in a set [4]. Additionally, Brewster
found that musicians were not significantly better at utilizing music-
based Earcons than novices. A potential issue with this conclusion
is that pitch-recognition expertise was assumed to be correlated to
musicianship, but not all musicians are experts at pitch recognition
[13]. Thus, analyzing the performance of pitch-recognition experts
against novices may result in a more significant performance gap.

2.1.2  Multimodal Systems. Multimodal presentation of informa-
tion allows a system to communicate with multiple human sensory
receptors. This theoretically allows for users of a multimodal sys-
tem to process information from discrete sensory channels, such
as audio and visual, simultaneously [2]. Integrating multimodality
into traditionally visual computing tasks has been shown to im-
prove performance; for example, previous work tested the effects
of different combinations of haptic, audio, and visual feedback in
a mouse drag-and-drop task [15]. In this experiment, participants
were asked to sort a series of files into specific folders as quickly
and accurately as possible - feedback was provided when the file
was dragged over the correct folder by earcons (audio), the mouse
rumbling (haptic), or a blue highlight (visual). Vitense et al. found
that certain bimodal combinations of the feedback mechanisms



Effects of User Expertise on the Efficacy of Multimodal Presentations

decreased perceived workload in participants, and combining hap-
tic and visual feedback decreased task time. Their implementation
of audio feedback did not encode modal redundancy as compared
to haptic and visual; many users waited for the audio chime to
play before completing their task, which negatively impacted user
performance [15]. The study additionally did not consider user’s
previous expertise in the audio domain or in drag-and-drop tasks.
Additionally, the temporal nature of certain information pre-
sented by interfaces is uniquely suited to combined Audio-Visual
feedback, as Brewster et al. found when they explored effects of
adding Earcons to a visual scanning task [3]. Scanning is a method
of item selection, typically requiring users to wait as a cursor high-
lights individual items in grid, moving from one item to the next
after a fixed amount of time. Brewster et al. integrated additional
audio feedback into a scanning task by mapping a musical note
related to each item’s position on the item grid, taking advantage
of music’s natural mapping onto time [3]. Their study did not take
user’s musical experience into account, but preliminary results in-
dicated that adding audio information to scanning systems may
provide advantages over standard unimodal visual feedback.

2.2 Multimodal Feedback and Expertise

Beyond simple tasks such as dragging and selection, complicated
visual information that requires specialized training to interpret
can benefit from multimodal presentation. An example of this is
PROMUESE - a program that provides both audio and visual repre-
sentations of protein data [6]. Traits of protein structures typically
displayed in the visual domain were mapped to instrumental cues
including slap bass, electric piano, and trumpet. Accuracy scores
were much higher when users were in the Audio and combined
Audio-Visual feedback conditions as opposed to Visual-only. Protein
identification experts, who had more experience with traditional
visual representations of protein structures, outperformed novices
significantly in the Visual-only condition, but were much closer to
novice performance in Audio-only, suggesting that experts may not
have a large advantage in new modalities. While they performed
the same as novices in the Visual-only condition, expert musicians
unexpectedly outperformed novices by a wider margin in the com-
bined Audio-Visual task than the Audio-only condition, suggesting
a more efficient parallel interpretation of data for experts than
novices [6]. However, workload measurements and qualitative in-
formation about the expert and novice impressions of PROMUSE
were not captured as part of this study, nor were musicians checked
for pitch-recognition expertise.

Previous work by Gargiulo et al. suggests that some visual task
experts respond differently to the addition of audio feedback than
novices in brain-computer interfaces [5]. Their study asked partici-
pants to simulate moving a ball to a hole in a visual interface by
imagining hand movements, with the ensuing brain activity trig-
gering the movement of the ball. Participants received either Visual
feedback through a monitor or combined Audio-Visual feedback,
with distinct frequencies indicating a target hit or miss. Several
novice subjects experienced large jumps in performance in the
Audio-Visual condition, but participants well-trained in the visual
interface received little-to-no benefit from the addition of audio
feedback. It is unclear if the novices that over-performed in the
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combined Audio-Visual condition had previous audio expertise that
contributed to their increased performance over their cohorts.

The link between audio expertise and multimodal feedback has
not been thoroughly explored, but prior research has found a sur-
prising relationship between Visual and combined Visual-Haptic
feedback. He and Agah found notable differences in how gaming
experts and novices responded to the addition and subtraction of
haptic feedback in an Asteroids-like game [7]. The study found that
novices were best when given delayed haptic feedback and worst
when given visual-only, but experts were better with unimodal
visual than multimodal delayed haptic feedback. This suggests
that some haptic-visual multimodal presentations may help novice
users while hindering unimodal experts, which differs from previ-
ous research suggesting that experts are better suited to process
multimodal feedback in parallel.

3 Study Methods

We carried out a controlled experiment to better understand how
increased expertise with an audio modality affects the value of
adding a second modality to the presentation of information. The
following sections provide details on the experimental task used
in the study, the way in which this task was represented in the
two modalities (visual and audio), the participants (and how ex-
pertise was determined), the study system and apparatus, and the
experimental design.

3.1 Study Design

The study used a within-participants factorial design with two
main factors: Modality (Audio, Visual, Audio+Visual) was a within-
participants factor, and Expertise (Novice, Intermediate, Expert) was
a between-participants factor. We also considered Block (1-5) and
Order (Audio first or Visual first) as secondary factors.

Our dependent measures of performance were task completion
time and errors (that is, total guesses per trial - 1), and these were
used to derive our primary measures of interest — the difference
between each unimodal presentation and the ensuing multimodal
presentation (i.e., the degree to which performance improved with
the addition of the other modality). Dependent measures of ex-
perience included subjective ratings of effort and preference. The
order of unimodal presentations was counterbalanced using a Latin
square. Each participant completed 180 trials (3 modalities X 5
blocks X 12 trials); with 60 participants, there were 10800 trials.

3.2 Experimental Task

The study used an interpretation task that could arise in several
analysis domains: participants were asked to interpret a visual or
audio presentation that encoded a difference between two values.
Recognizing the distance between two discrete pieces of data is
a common task: for example, in assessing the difference between
bars in a bar chart. Difference was encoded using distance; either
visual distance in pixels (as is common in visual presentations) or
pitch difference in semitones (to mirror the encoding of pitch in
several audio-based interfaces such as Earcons [1] and Promuse [6]).
The information presentation in the two modalities was designed
to be as similar as possible. Participants selected one of twelve
choices for the distance between the values by clicking on one of
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Figure 2: The twelve differences encoded by distance (each bar was shown in sequence for one second).

Figure 3: Visual modality presentation. Left: base bar (always shown in the same location). Middle: target bar (shown a varying
distance from the base). Right: feedback provided after an incorrect answer (the guess was shown in red for one second, and

then the target bar was shown again.

twelve buttons on the screen; the buttons were labelled with both a
distance and the musical interval for that distance (e.g., “4 semitones
- Major Third”). If the selection was incorrect, participants were
shown feedback about their guess, and then allowed to select again
until they chose the correct answer. The experimental task (using
the visual modality) is shown in Figure 3 (the audio modality is
demonstrated in the accompanying video).

3.3 Task Representation — Visual

Each trial displayed a sequence of two coloured bars on the screen,
each shown for one second: the first bar was black and represented
the base for interpreting the distance (the black bar was always
shown in the same location); after one second, the black bar dis-
appeared and a green target bar was shown at a location higher
than the black bar. This unusual presentation was done to avoid the
cross-modal performance issues found by Vitense et al. [15], where
visual feedback lead to faster selection times than audio feedback
due to participants waiting for audio cues to finish playing. The
vertical distance between the black bar and the green bar encoded
the difference (the distance was between 1 and 12 times the thick-
ness of the bars). The vertical distances for the visual modality are
shown in Figure 2. After an incorrect answer, the system showed
the participant their guess (coloured red), replayed the presentation
of the target bar (coloured green), and allowed the participant to
answer again (as seen in Figure 3). The participant could then make
further selections, until they chose the correct answer.

3.4 Task Representation — Audio

Each trial played a sequence of two notes, each lasting one second.
The first note was always “middle C” (C4, approximately 261.63 Hz);
the second note was between 1 and 12 semitones higher than the
first, with the distance between the notes in semitones representing

the notification type. This task allows us to assess the user’s ability
to perceive differences in the audio domain - similar to an Earcon
task where users are selecting between 12 items, each one mapped
to a musical note between C4 and C5. Participants used the same
on-screen buttons to select a difference as their answer: if they
answered incorrectly, the note of their guess was played for one
second, followed by the correct second note (also for one second).
Participants could then answer again, and continued in this fashion
until they got the correct answer.

3.5 Task Representation - Visual+Audio

The multimodal presentation was simply a combination of the audio
and visual presentations described above. The two modalities were
presented simultaneously — the black bar and the middle-C note
were presented for one second, followed by the target bar and note,
also presented for one second. The same buttons were used to select
a difference amount, and feedback given on an incorrect answer was
a combination of the visual and audio feedback described above.

3.6 Ordering of Modalities

The study used two orderings that counterbalanced the presenta-
tion of the two unimodal conditions. The orders were: Audio —
Visual — Audio+Visual, and Visual — Audio — Audio+Visual. The
multimodal condition was always done last, to ensure that partici-
pants were familiar with both individual modalities before seeing a
multimodal presentation. This means that the Audio+Visual condi-
tion had the benefit of additional training, so our analysis does not
focus on the absolute difference between unimodal and multimodal
presentations — instead, we are interested in the relative differences
between these conditions, and the size of the differences for each
level of expertise.
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Figure 4: Sound-attenuating gaming pods where participants
completed the experiment

3.7 Participants and Expertise

60 participants (19 men, 37 women, 4 non-binary) were recruited
from a local university. We divided participants into three expertise
groups (novice, intermediate, or expert) based on their previous
training in the musical task of interval recognition, a common ele-
ment taught in most music lessons, choral, or band training. Partici-
pants were determined to be novices if they had less than 2 years of
prior music and interval recognition training; intermediates had up
to nine years of music and interval training, and experts had more
than ten years of training or self-identified as experts. There were
20 participants in each expertise category, although expertise was
not evenly distributed across gender due to participant availability:

e Expert: 14 women, 4 men, 2 non-binary
e Intermediate: 10 women, 8 men, 2 non-binary
e Novice: 13 women, 7 men

Although there were more women experts in our participant group,
we are unaware of any previous research that indicates interac-
tions between gender, expertise, and multimodal feedback. Ethical
approval was provided by the ethics board of the University of
Saskatchewan.

3.8 Apparatus

The study was carried out in person with participants seated in
sound-attenuating gaming pods (shown in Figure 4). Participants
wore Sennheiser PC37X over-ear headphones for the audio informa-
tion, and visual information was shown on a 27-inch LCD monitor.
The study used a custom experimental system written in Process-
ing/Java; the study system presented all trials and recorded all
performance data (completion times and errors).

3.9 Procedure

The study system presented the difference-identification task; ques-
tionnaires were presented using an online survey tool. Participants
completed informed consent and demographics forms, and were
interviewed to determine their expertise level. Participants were
then assigned to an order group for the presentation of the two indi-
vidual modalities, using a Latin square. The system provided a brief
introduction to the concept of encoding difference with distance (in
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both the audio and visual domain), and provided information about
how to complete the tasks. Participants then carried out tasks in
their uni- and multi-modal conditions as specified by their order
group. For each condition, users first completed 12 practice tasks to
become familiar with the modality and the task; participants then
completed 5 blocks of 12 trials (each block presented each of the 12
differences once). Tasks were presented in pseudo-random order,
but the sequence was for each condition to ensure a consistent
experience (pilot testing determined that participants would not be
able to remember the ordering of the 60 trials).

After each modality condition, participants completed a NASA-
TLX survey as well as a short questionnaire asking about how they
used the modality to complete the tasks. After the Audio+Visual
condition, participants also completed an additional questionnaire
asking the degree to which they used each modality in completing
the multimodal tasks, and whether they found either of the modali-
ties distracting. At the end of the session, participants were asked
a set of semi-structured interview questions to find out more about
their experiences and their use of the audio and visual information
(Table 1).

Semi-structured Interview Question List

1. What steps did you follow to guess audio intervals?

2. What steps did you follow to guess visual intervals?

3. What steps did you follow to guess audio-visual intervals?

4. How did your approach differ between audio and visual intervals?

5. How did your approach differ between audio and audio-visual intervals?
6. How did your approach differ between visual and audio-visual intervals?
7. Did you have a preferred feedback mechanism?

Table 1: Questions asked to participants following the com-
pletion of the study and written survey.

4 Results

Analyses for our two main dependent variables (completion time
and errors) are reported below, in two parts: first, we present anal-
yses of factors Expertise and Modality, and second, we present
the relative analysis of performance improvements after adding a
second modality. We then present subjective measures in a similar
fashion. The effect size for significant ANOVA results is reported
as generalized eta squared (%) [11, 14]. Follow-up tests were cor-
rected using the Holm-Bonferroni method. Five participants were
not able to complete the trials for all three feedback mechanism
during the allotted study time and so were removed from the final
result set (900 trials). Any trial where the total number of guesses
exceeded 12 was removed as there were only 12 possible answer
to a given question - these trials typically involved a participant
experimenting with the feedback system (162 trials). Finally, any
trial that exceeded 3 standard deviations in time or errors were
removed to account for outlier performance (239). Ultimately, 1301
of the 10800 trials (12.0%) were removed from the dataset. In all
charts below, error bars show 95% confidence intervals.

4.1 Performance by Expertise and Modality

We measured trial completion time as the time between the initial
presentation of the base bar or note and the participant responding
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with the correct answer. Figures 5 (a) and (b) show participant
performance in these metrics by modality used and expertise level.
(Recall that expertise relates to the participant’s expertise in the
audio domain, and in particular in the task of interval recognition,
as introduced above).
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Figure 5: (a) Mean time per trial and (b) mean errors per
trial by Expertise and Modality (+ 95% CI). Significant
differences between categories are denoted "*" for p < 0.05
and "***" for p < 0.001.

We carried out factorial analyses of the two main factors (al-
though we note that our primary analyses involve the relative im-
provement between modalities — see next section). Table 2 shows
the results of the 3 X 2 (Expertise X Modality) ANOVA. Over-
all, there was no difference in terms of completion time between
different levels of expertise, but experts committed fewer errors.
There was a significant difference based on Modality, with the Au-
dio+Visual presentation faster and more accurate overall, but there
was no difference on either measure between unimodal Audio and
Visual presentations. For both completion time and errors, there
was a strong interaction effect between Expertise and Modality,
contributing to observed relative improvement (reported below).

Hills et al.
Metric Factor DF (n,d) F P n?
. Expertise 2,49 570.95 0.15
Time .

Modality 2,98 56.85 4.08e-17 | 0.19
Expertise X Modality 4,98 5.59 | 4.28e-04 | 0.04

Expertise 2,49 21.15 2.39e-07 | 0.40
Errors Modality 2,98 71.22 | 7.94e-20 | 0.24
Expertise X Modality 4,98 25.89 | 1.19e-14 | 0.19

Table 2: Effects of Expertise and Modality on Completion
Time and Errors.

4.2 Relative Improvement with Multimodal
Presentation

To investigate the effects of expertise on the relative gain achieved
by moving from a unimodal to a multimodal presentation (and
to explore the interaction revealed by the basic analysis above),
we measured the difference between participant time and errors
in unimodal conditions (Audio-only and Visual-only) and the Au-
dio+Visual condition. This was done by calculating each partici-
pant’s change in time and error in the multimodal condition as a
percentage of their original unimodal results (regardless of whether
they received training in the audio-only or visual-only interface
first), using the following formulas:
For completion time:

A+Viime — Ati
A+V Vs Aime = +Vitime time

Atime * 100
A+Viime — Vii
A+V vs Vtime — time time
th'me * 100
For errors:
A+V, -A
A+V vs Aerrors _ errors errors

Aerrors * 100

A+Verrors = Verrors
Verrors * 100

These results are shown in Figures 6, 7, 8, and 9. As can be
seen from the charts, there were marked differences in how the
different expertise groups benefited from the addition of the other
modality, for both completion time and errors. When moving from
Visual-only to Audio+Visual (i.e., adding Audio), experts improved
considerably more than novices; when moving from Audio-only to
Audio+Visual (i.e., adding Visual), experts improved very little com-
pared to novices. In all cases, the effects on intermediate expertise
participants were between those of experts and novices.

We carried out one-way ANOVAs with factor Expertise on each
unimodal-to-multimodal comparison (Table 3). For completion time,
the effect of Expertise on moving to multimodal was significant
for Audio+Visual vs Audio, but not for Audio+Visual vs Visual. For
errors, both comparisons were significant.

A+V vs Veppors =

4.3 Subjective Measures

We measured the NASA-TLX scales Mental Workload, Temporal
Workload, Perceived Performance, Frustration, Effort, and Tempo-
ral Workload. Lower ratings imply lower workload for all scales
except Perceived Performance, where higher is better. Figures 10
and 11 provide the overall NASA-TLX results for each significant
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Figure 9: Percent reduc-
tion in errors in A+V vs
V (= 95% CI).

Metric Comparison | Factor F P 7’

Completion | A—A+V Expertise 14.15 | 1.41e-05 0.37

Time V—-A+V Expertise 3.05 0.06

Errors A—A+V Expertise | 21.69 | 1.79e-07 0.47
V—A+V Expertise 15.20 | 7.34e-06 0.38

Table 3: Factorial analysis, within-participant improvement
from unimodal to multimodal. DF(2, 49)

relationship. The fulls results of the two-factor ANOVA (Expertise
x Modality) can be found in the appendix (Table 6).

Frustration, Perceived Performance, and Temporal Workload
were significantly affected by expertise levels. Experts experienced
less Frustration and Temporal Workload than novices, while re-
porting higher Perceived Performance. Intermediate participants
reported a significantly lower mean Perceived Performance than
experts; they also reported a worse Perceived Performance than
novices, but this difference was not found to be significant.
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Figure 10: By Expertise Level: (a) Temporal Workload (b)
Perceived Performance (c) Frustration (+ 95% CI).

Modality used had a significant impact on reported scores for
Mental Workload, Frustration, Perceived Performance, and Tem-
poral Workload. The Audio+Visual condition led to a significant
reduction in reported Frustration, Temporal Workload, and Mental
Workload as compared to the Visual condition. The Audio+Visual
condition improved Perceived Performance over both the Audio and
Visual condition. Overall, no significant difference was identified
in workload between the Audio and Visual conditions.

A strong interaction between Modality and Expertise was ob-
served in Perceived Performance and Frustration workload (see
appendix: Table 6). Novices reported similar Perceived Performance
and Frustration regardless of modality used, while intermediate par-
ticipants rated Perceived Performance as higher for Audio+Visual
than for Audio or Visual, as well as reporting significantly lower
Frustration levels for Audio+Visual. Experts reported similar Frus-
tration and Perceived Performance scores whenever Audio feedback
was present, but had significantly increased Frustration and lowered
Perceived Performance when completing the Visual-only task.

4.4 Relative Workload Improvement with
Multimodal Presentation

We calculated the relative improvement of participant workload
scores moving from a unimodal to multimodal representation. In a
manner similar to section 4.2, we calculated the difference between
unimodal workload (Audio-only and Visual-only) and multimodal
workload (Audio+Visual) for each TLX scale as follows:

A+Viorkload — Aworkload
Ayyorkload * 100

A+Viorkload = Vworkload
Vivorkload * 100

The results of this calculation are in the appendices (Figures
15 and 16). Overall, experts saw a greater decrease in Frustration
and higher Perceived Performance when moving from Visual-only
to Audio+Visual as compared to novices. Conversely, audio ex-
perts faced an increase in Mental Workload when moving from
Audio-only to combined Audio-Visual. This contrasts how novices
experienced the same transition, where adding visual feedback led
to decreased Mental Workload.

A+V Vs Ayorkload =

A+V vs Viyorkioad =
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Figure 11: By Modality: (a) Mental Workload (b) Frustration
(c) Perceived Performance (d) Temporal Workload (+ 95%
CI).

One-way ANOVAs with ART transformations were performed
on the two unimodal-to-multimodal pairs (see Table 4). The dif-
ferences in Mental Workload and Frustration were found to be
significantly affected by expertise when moving either Visual-only
or Audio-only to Audio+Visual, regardless of order. Perceived Per-
formance was significantly impacted in both transitions.

4.5 Preferences

To assess participant preferences for the different modalities, we
analyzed the written responses to the in-study survey. We found
relevant differences in participant answers to the following ques-
tions:
(1) "After receiving a new interval, which feedback mechanism
did you rely on most to inform your guesses?"
(2) "After making an incorrect guess, which feedback mechanism
did you rely on most to inform your next guess?"
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Figure 12: by Modality and Expert: (a) Perceived Perfor-
mance (b) Frustration (+ 95% CI).

TLX Scale | Comparison | Factor F P 7’
Mental A — A+V Expertise | 3.38 0.04 0.12
V — A+V Expertise | 0.00 0.80
Physical A — A+V Expertise | 1.29 0.29
V — A+V Expertise | 1.63 0.21
Temporal A — A+V Expertise | 0.81 0.45
V — A+V Expertise | 0.90 0.41
Perceived A — A+V Expertise | 5.73 0.01 0.19
Performance V - A+V Expertise 10.77 1.33e-4 | 0.31
Frustration A — A+V Expertise | 2.22 0.12
V — A+V Expertise | 4.82 0.01 0.16
Effort A — A+V Expert%se 0.75 0.48
V — A+V Expertise | 0.25 0.78

Table 4: Factorial analysis, within-participant change in
NASA-TLX Scores from unimodal to multimodal. DF (n,d) =
(2, 49) for all values.

(3) "Rate what percentage of your answer was driven by audio
feedback vs. visual feedback”
(4) "(If applicable) Rate how much the less-used modality hindered
or helped your ability to identify intervals”
Participants selected either "Audio Feedback", "Both equally”, or
"Visual Feedback" for questions 1 and 2, a sliding scale ranging
from "100% Audio" to "100% Visual" for question 3, and another
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sliding scale ranging from "Significantly Hindered" to "Significantly
Helped" for question 4. We performed a one-factor ANOVA (Exper-
tise) for questions 3 and 4 (Table 5).

Question | Factor | DF F P
Q3 Expertise | 2 13.60 | 1.77e-05
Q4 Expertise | 2 4.76 0.013

Table 5: ANOVA analysis of participant responses to Ques-
tions 3 and 4

As seen in Figure 13 (a), participant’s answers to question 1 were
strongly connected to their expertise level. Those with higher levels
of expertise were more likely to report relying on audio feedback
to make the first guess of their trial in the multimodal condition
(18/19 responding experts), while the majority of novices expressed
a preference for visual feedback (11/19 responding novices). Of the
55 respondents, only 9 expressed an equal preference for audio and
visual feedback (3 novices, 1 expert, and 5 intermediate participants).
Similarly, participant answers to question 2 indicated that they
tended to rely on either Audio or Visual feedback when correcting
mistakes in the multimodal condition (Figure 13 (b)); only 8 of 54
participants stated that they used both audio and visual feedback
equally. Somewhat predictably, audio experts were most likely to
report audio as their preferred modality in the combined condition,
while novices tended to lean on visual feedback.

32 32

Expertise Level Expertise Level

28 Novice 28 1 Novice
& Intermediate & Intermediate
M Expert M Expert

24

Number of Responses
> 3

N
Number of Responses

Audio Feedback  Both equally _ Visual Feedback
Modality relied on most for First Guesses

Audio Feedback  Both Equally  Visual Feedback
Modality relied on most after Incorrect Guesses

(@) b

Figure 13: By Expertise: (a) First-guess modality preference
(b) Preferred feedback modality for corrections

An analysis of Question 3 revealed that experts were significantly
more likely to attribute their answers in the multimodal condition
to audio-only than visual-only or audio and visual equally, while
novices typically reported using an even mixture of audio and visual
(Figure 14 (a)). Experts were also significantly more likely to report
that the less-used modality made no difference or hindered their
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Figure 14: (a) Q3: Portion of multimodal answers driven by
Audio-only (0) vs. Visual-only (100)

(b) Q4: Reported hindrance (0) vs. helpfulness (100) of
second-most used modality

performance when answering Question 4, while novices tended
to find that adding an extra modality was useful (Figure 14 (b)).
Intermediate users did not have a preference different from experts
or novices, but notably had a positive view of the less-used modality
overall.

4.6 Semi-Structured Interviews

We analyzed participants’ semi-structured interviews by transcrib-
ing their answers to each of the 7 questions (see Table 1), utilizing
these to categorize participants based on whether they:

(1) used an expert-level strategy for Audio-only interval identi-
fication (regardless of expertise level)

(2) used visual feedback in the Audio+Visual condition

(3) used a different feedback mechanism to correct mistakes
than they used to make an initial guess in the Audio+Visual
condition

After categorization, participant groups were assessed for common
themes, including strategies used for auditory and visual distance
interpretation, preferred modality, and perceived differences be-
tween the Audio-only and Visual-only conditions.

28 of the 60 participants used expert-level strategies in the Audio-
only and Audio+Visual conditions, including singing major scales
aloud, associating the two notes in an interval with a popular song,
or imagining playing the notes between the intervals on an instru-
ment. Of these 28, we found that 12 people reported ignoring the vi-
sual feedback in the Audio+Visual condition, with several reporting
they found it distracting or unhelpful. 15 of the remaining expert-
level strategy users expressed a preference using audio-feedback
generally but used the visual feedback for small corrections, and
one participant reported a preference for using visual feedback to
drive all choices.
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Of the 32 non-strategy-using participants, only one reported that
they ignored the visual feedback in the Audio+Visual condition.
The remaining 31 all used visuals to correct mistakes, with seven
using visuals to drive all interactions. Overall, participants who
did not use an expert-level audio strategy (i.e., those who typically
reported “guessing” the audio intervals) were much more likely to
use both Audio and Visual feedback in the multimodal condition
compared to experts.

5 Discussion

The study provided several main findings about the ways that prior
expertise affects the usefulness of adding another modality to the
presentation of difference information:

o The benefit of adding a second modality was strongly related
to participant expertise: adding audio information led to a
substantial benefit for participants who were audio experts,
but very little benefit for audio novices.

o Similarly, adding visual information led to a substantial ben-
efit for participants who were novices in the audio domain,
but very little benefit for audio experts.

o Novices experienced similar overall workload regardless of
the number or type of modalities used. This differed for ex-
perts, who reported lower Frustration and higher Perceived
Performance when provided with audio in both the uni-and-
multimodal conditions.

e Experts reported increased Mental Workload when moving
from Audio-only to Audio+Visual, but novices did not.

In the following sections, we provide initial explanations for
these results, discuss how the findings can be generalized and ap-
plied to real-world settings, and outline limitations of the research
and directions for future work.

5.1 Explanations for Main Results

5.1.1 Why Adding the Expert Modality Primarily Helped Experts.
That experts performed best in the Audio-only and Audio+Visual
condition is unsurprising - when given their preferred feedback
mechanism, experts were able to lean on best-practice and years of
training interpreting the information provided by system. When
experts transitioned from unfamiliar unimodal presentation to mul-
timodal, they were able to perform as if they were just using uni-
modal in their preferred modality. Their multimodal performance
did not significantly eclipse that of their preferred unimodal, sug-
gesting that they do not adapt their interpretation of the dataset -
one audio expert described extra visual feedback as "nice to have
(...) but I really don’t use it at all".

5.1.2  Why Adding the Non-expert Modality Did not Help Experts.

We found little evidence that the addition of visual feedback signif-
icantly improved expert performance. Experts reported ignoring
Visual feedback altogether (e.g., one participant noted that they
“didn’t pay attention to the visual” during the study, and another
who described the visuals as a “hindrance” closed their eyes during
the Audio+Visual trials). He and Agah found that extra modalities
can be perceived as distracting [7]; we found that while experts
generally met or raised their performance transitioning from Audio-
only to Audio+Visual, they did experience higher Mental Workload
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in the multimodal condition than novices (e.g., one participant
stated: “every time I looked at it, it skewed my answer and made
me irritated”). Several experts commented that the extra modality
helped them correct mistakes (e.g., “when I got something incor-
rect, which happened about, I think, three or four times, I did rely
on both the audio and the visual”), but this is not reflected in the
results: experts made only 3.3% fewer errors on multimodal trials
than unimodal, a negligible improvement when order effects are
considered.

Hansen and colleagues were surprised to observe that musical ex-
perts in a complex protein interpretation task outperformed novices
by a larger margin in combined Audio-Visual than in Audio [6],
and theorized that experts were able to process information more
readily in parallel. We did not see this behaviour; novices were able
to narrow the performance gap between themselves and experts
in the combined Audio+Visual condition, and were more likely to
utilize strategies that integrated both audio and visual stimuli. It
is possible that this is due to the relative simplicity of our spatial
distance matching task; using audio to represent several dimen-
sions may results in a wider performance gap between novices and
experts.

5.2 Generalizing the Findings

5.2.1 Application of Results. Our results indicate that pitch recog-
nition experts perform faster and more accurately than novices in a
redundantly-encoded combined audio-visual recognition task. This
has potential implications for systems that utilize pitch characteris-
tics alongside visuals: for example, any system using Earcon-style
audio notifications in addition to visual feedback should consider
the audio expertise of their users, as those users are more likely to
ignore the visual characteristics of the interface (or be distracted by
them). In addition, systems such as Promuse [6] may be affected by
unimodal expertise: experts in their study may have leaned on au-
dio more heavily in the multimodal condition while novices focused
on visual, leading to the gap in performance being accentuated in
the combined condition.

5.2.2 Interval Training and Auditory Interfaces. Brewster et al. pro-
vided guidelines for utilizing pitch as a method of item selection
using Earcons, while controlling for general musicianship[4], but
we found that musicians who specifically had expertise in interval
identification were faster and more accurate in the Audio+Visual
than novices and those with an intermediate-level of training. The
novice and intermediate groups were not significantly different,
which does suggest that a moderate level of musical expertise may
not impact performance in multimodal interfaces. Our results sug-
gest that future research that explores the intersection between
auditory interfaces and musicianship should more carefully con-
sider which specific musical skills may transfer to new technologies.
In addition, our study considered only one dimension of auditory
presentation, and further studies should consider the effects of ex-
pertise in other dimensions such as amplitude, timbre, or rhythm.

5.3 Limitations and Future Work

Our study has several limitations, each of which provide direc-
tions for further work. First, the identification task that we had
participants complete was not a real-world application such as
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icon selection. Although our task included the atomic actions that
build complex real-world applications (participants estimated vi-
sual distances as they would when reading a chart and estimated
pitch differences as they would in an Earcons interface), further
studies are needed with audio and visual information embedded in
real-world tasks.

Second, the visual presentation of our system different from
many traditional visual tasks - most systems portray visual infor-
mation persistently while our visual cues were dynamic and only
visible for a few seconds. This was done to maintain consistent
feedback across both our visual and audio modalities, allowing
for better direct comparison between the visual and audio system.
However, future work should explore differing visual encoding
mechanisms in a multimodal context.

Third, our study focused on interpretation of distance as encoded
in audio and visual information, but several other task types exist,
and further studies are needed to consider the effects of expertise
on recognition, notification, and guidance tasks.

Fourth, we focused on redundantly-coded information in our
study. While many systems do use this approach (e.g., mobile noti-
fications), complementary encoding is also common. Our findings
may extend to these scenarios (for example, experts who focused on
a single modality in our study may similarly focus on that modality
for complementary encoding), but further research is needed to
explore these scenarios.

Fifth, although we do not believe that our results were affected by
the imbalance of expertise across gender in our participants, future
work can investigate demographic interactions with expertise and
multimodal interpretation.

6 Conclusion

Audio expertise can play an important role in the recognition of
multimodal information. It is not surprising that users rely on
their preferred modality, but our study provided new results show-
ing that that additional visual information did not improve expert
performance. We found little evidence that experts utilized visual
information better than novices in spite of their audio experience.
Additionally, novice multimodal performance was strongly related
to their performance with visual information (their preferred modal-
ity). Although multimodal systems have been shown to be valuable
both from accessibility and performance standpoints, our results
show that expertise can have a strong effect on the value of adding
a second modality — application designers should carefully consider
the expertise of their users when designing multimodal feedback.
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A Appendix
Metric Effect DFn | Sum Sq | Sum Sq. res F P
Expert 2 | 13857.19 | 35852238 | 2.84 0.06
Mental .
Workload Modality 2 | 3353191 | 340282.17 | 7.24 0.00
orxioa Expert:Modality | 4 | 14143.80 | 358218.17 | 145 0.22
. Expert 2 | 52646.10 | 309048.42 | 12.52 | 9.52e-06
Physical .
Workload Modality 2 372.85 350613.43 0.08 0.92
orxioa Expert:Modality | 4 | 296511 | 349306.07 | 0.31 0.87
T Expert 2 983.82 372309.85 0.19 0.82
emporal .
Workload Modality 2 | 15520.11 | 357746.04 | 3.19 0.04
oriioa Expert:Modality | 4 | 11413.82 | 36217808 | 1.16 | 033
4 Expert 2 | 4323535 | 328193.00 | 9.68 0.00
Perceived .
Pert Modality 2 | 106790.97 | 262433.96 | 29.91 | 1.26e-11
Criommance | pyvert:Modality | 4 | 87620.80 | 285490.94 | 11.28 | 5.22e-08
Expert 2 | 1950220 | 35323245 | 4.06 0.02
Frustration Modality 2 35622.16 337501.74 7.76 0.00
Expert:Modality | 4 | 42932.84 | 330228.65 | 4.78 0.00
Expert 2 6664.52 366648.43 1.34 0.27
Effort Modality 2 2419.69 | 37129445 | 0.48 0.62
Expert:Modality | 4 4661.96 | 368914.64 | 0.46 0.76
Table 6: Table containing two-way ANOVA analysis ofall Workload metrics
300% 288.9%

200%

143.7%

100% 92.5%

85.8%

50.9%

5.6% 6.6% 1.2%

0%
-10.3% 1%

-18.0%
-24.8% -31. -28.5%

-100%

% Change in TLX score Going from A to AV

-162.0%

Effort Frustration Mental Demand Perceived Performance Physical Demand Temporal Demand
Workload Category

Figure 15: Percent change in workload for A—A+V (+ 95% CI).
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Figure 16: Percent change in workload for V—A+V (+ 95% CI).
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