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Preface
Presented here is the Master’s thesis titled "Towards a Better Understanding of Auditory Feedback in Warehouse Management Systems to
Improve Usability." This thesis serves as the concluding piece for the Master’s program in Human-Computer Interaction at Utrecht University.
I dedicated significant effort from May 2023 to January 2024 to accomplish this work.

After a well-deserved break in Central America, I embarked on the search for a thesis topic in February. Following numerous emails, phone
calls, and meetings, it became apparent that my current employer was the optimal choice for my thesis. They offered considerable flexibility
in choosing research topics, and I was confident in receiving excellent support. Given my strong interest in sounds and sound design,
influenced by a Sound & Music Technology course during my Master’s program, I identified this as a fitting subject that allowed me to
blend creativity with design. Rentman graciously supported my research efforts and provided insights into their product development process.

Another influential factor in my decision to pursue a sound-related topic was the availability of a supervisor. Frans Wiering expressed his
interest in supervising a topic related to sound, providing the decisive push for me to choose this subject. With his support and expertise, I
knew I was in capable hands. I am grateful to him for the constructive feedback sessions, in-person meetings at my office, his organized
approach, and great communication. Our collaboration was enjoyable, as it felt like he regarded me as an equal, fostering discussions on a
pleasant and mutually respectful level.

I would also like to express my gratitude to Rick Soons for providing me with the opportunity at Rentman and for expressing trust in my
process. It felt like I could openly discuss anything with him and turn to him for any problems I encountered. He inspired and ensured
that the pertinent business aspects of the thesis were adequately addressed. I hope to continue this collaboration with him in the form of
colleagues in the near future.

Lastly, I would like to thank my family and closest friends. Even though they may not realize it, they have been the consistent driving
force that kept me motivated over the past few months. I cherished every moment spent with them, although they might have found it
less enjoyable when I delved into the intricacies of my thesis issues. They provided the energy I needed to stay on track and were always
available for advice or a listening ear when I needed it most. I am grateful and proud to call them my family and close friends. I cannot thank
them enough for all the wonderful moments we have spent together.

I hope you have an enjoyable reading experience.

Lode Dams
19th of January, 2024
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Abstract
This study investigates the impact of enhanced auditory feedback
on the usability of equipment scanning on handheld devices in
Warehouse Management Systems (WMSs). Today, warehouses deal
with labor shortages and optimization challenges. There is a grow-
ing recognition of the significance of incorporating multimodality
to craft immersive user experiences (UX) and to provide more nat-
ural and robust interaction, which is important for WMSs due to
the pursuit of low error rates and high efficiency. While visual
feedback is commonly used in WMSs, audio feedback during bar-
code and RFID scanning is often overlooked and limited to beeps.
Both auditory icons and earcons have proven to positively impact
usability issues in other domains, but there is still a gap in the liter-
ature regarding usability impact in the warehousing domain. Our
research includes a threefold of qualitative and quantitative studies
consecutively exploring, verifying, and validating auditory feed-
back for WMSs. Potential improvements are explored, of which the
sound design will then be verified. During the validation step, four
conditions are quantitatively evaluated on task completion time,
number of errors, perceived workload, annoyance, and subjective
rating. Enhanced auditory feedback has lower perceived workload,
is less frustrating and less annoying compared to conventional audi-
tory feedback. RFID scanning is more efficient and effective, while
barcode/QR code scanning is less mentally demanding and has a
higher SUS score. The results of this study contribute to a better
understanding of how usability in warehouses could be improved,
which in turn impacts the ongoing optimization challenges and
solves potential labor shortages because of improved UX. Results
could be extended to other domains where scan processes are used,
like in retail or transport.

Keywords
Auditory icons, earcons, auditory feedback, warehouse manage-
ment system, RFID, barcode, QR code, usability

1 Introduction
In today’s digital landscape, user interfaces (UIs) play a crucial role
in enabling seamless interactions between humans and technology.
One of the most successful improvements to the user-computer
interface made is the inclusion of icons – graphical symbols that
visually represent information in the computer display. Icons can
present a great deal of information concisely [13]. While tradi-
tionally the majority of displays have been designed for the hu-
man visual system, the importance of multimodality, in specific
audio, in creating immersive and engaging user experiences (UX) is
nowadays recognized as we are moving towards multimodal user
interfaces [20, 61, 89]. Overly dense visual displays can lead to cog-
nitive overload, negatively impacting the user’s decision-making
performance, which in turn explains the exploration of alternate
modalities to convey information [13].

Moreover, we continuously interact with our environment using
our five senses. Past studies have shown that information spread
over more than one modality helps to reduce the user’s cognitive
load, is perceived as more usable and enjoyable, and helps support
the working memory [2]. More specifically, audio has proven to
give valuable feedback to users’ actions, carry information, provide

information beyond the field of view, enhance visual representation,
strengthen the emotion that UI creates, and immerse users in the
environment [61]. Therefore, audio seems like a solid additional
modality to the visual display and should not be neglected.

Audio in UI occurs in three different types: auditory feedback,
music, and voice [47]. While the latter two are part of a product’s
landscape, this study will solely focus on auditory feedback. Al-
though many variations exist, roughly three types of auditory feed-
back are distinguished. Firstly, auditory icons are familiar sounds
based on experiences in the real world [47]. These are brief sounds
that represent objects, functions, and actions. They are the auditory
equivalent of visual icons, like the sound of paper crumbled up
when an item is moved to your trash can [29, 49]. Secondly, earcons
are abstract, synthetic, and musical tones or sound patterns, having
a metaphorical relation with the object (the referent) they represent
[21, 29, 47]. Blattner et al. [13] define earcons as "audio messages
that are used in the computer/user interface to provide information
to the user about some computer object, operation or action". An
example of an earcon includes the initiation of Apple’s Siri.

Both auditory icons and earcons are types of nonspeech auditory
feedback. Spearcons, on the other hand, are spoken words or phrases
sped up until they may no longer be recognized as speech. They
represent an action or object in the software, just like auditory
icons and earcons. Despite being easy to learn, efficient, effective,
and easy to create, this research will solely focus on nonspeech
auditory feedback. One reason for this is that spearcons are often
deemed more irritating and disturbing compared to auditory icons
and earcons, rendering them a less optimal choice for most UIs [29,
73, 89, 98]. Furthermore, spearcons should be considered with other
speech-based auditory feedback methods as well, like spindexes
and normal speech [89]. These methods are not in the scope of this
study. Figure 1 shows the exact focus of this study.

Figure 1: Scope of this study.

Having been neglected for a long time, the use of audio in UI
is now receiving more attention in e.g. the video game industry,
retail, and automotive domain [39, 73, 77, 86]. However, despite
advancements in audio technology and lots of research, many UIs
still fail to fully leverage the potential of sound, leading to UX is-
sues like frustration, incomprehension, and annoyance [36]. Unlike
the visual Gestalt principles, there is no clear heuristic guidance
for sound when designing interfaces [75, 89]. Many domains still
need extensive research to fully leverage the potential of auditory
feedback.

This also extends to the warehousing domain with Warehouse
Management Systems (WMSs), which have a dominant role in
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modern supply chain management by linking the material flows be-
tween the supplier and customer [84]. While visual feedback during
scan processes in mobile WMS applications is typically provided
through a visual display, audio feedback is often overlooked or lim-
ited to a beep by the scanner. This becomes a significant problem
in e.g. stock control systems involving complex visual displays and
where the volume of information to be communicated increases, or
location tracking tasks with very limited auditory feedback [65, 87].

Additionally, warehouse managers have to deal with labor short-
ages. Both attracting qualified employees and retaining them is a
major problem, resulting in increased training costs and operations
slowing down [46]. An aging warehouse workforce proves that
the new generation of workers is not willing to put the warehouse
working conditions the way their predecessors did. To offset this
issue, new technologies should be introduced. Mobile WMS could
help with this and should include intuitive, functional, enjoyable,
and ease-to-use interfaces [46, 57]. Proven to be efficient and im-
mersive, enhanced auditory feedback in the form of auditory icons
and earcons during scan processes should be considered in these
WMSs [61].

Only little research has been done on auditory feedback inWMSs
and current research is still lacking regarding a WMS’s nonspeech
auditory feedback. The introduction of technology in WMSs effec-
tively changed how many employees conducted their jobs. Never-
theless, the effectiveness that many technological innovations offer
in WMSs has rarely been scientifically evaluated [11]. In compari-
son to all technological advancements in warehouses, that contrast
is noticeably skewed. One of these technological advancements
is Radio Frequency Identification (RFID) for warehouse inventory
management systems which should be thoroughly evaluated to get
a clear overview of its usability [95].

Despite the fact that RFID and barcode scanning are widely
used in warehouses, a good auditory solution for scanning RFID
tags is still absent and auditory feedback for barcode scanning
has, to our knowledge, never been evaluated. As there is a gap in
scientifically testing and evaluating technological possibilities in
WMSs, this study aims to contribute to a better understanding of
auditory feedback in WMSs. More specifically, this study will focus
on the usability of auditory feedback during scan processes in a
warehouse, including handheld RFID and barcode scanning. The
following research question will be answered:

Research question: How does enhanced auditory feedback
impact the usability of equipment scanning on mobile

devices in Warehouse Management Systems?

By answering this research question, we not only contribute
to the need for scientifically testing and evaluating technological
solutions of WMSs, but we also gain knowledge about the usability
of auditory feedback about the relatively new RFID technology and
already existing barcode technology implemented in warehouses. If
a user-friendly, easy-to-use, enjoyable, and efficient interface with
auditory feedback can be created, we might see workforce retention
and process optimization as long-term usability results.

The research question is answered by performing three different
studies, divided into an exploration, verification, and validation

phase. First, feedback regarding the auditory feedback of the cur-
rent scan processes is gathered. Next, different sounds will be cre-
ated which will be evaluated in the verification phase of the study.
Participants will evaluate the sounds by giving their opinions on
perception and interpretation. After this feedback is gathered, the
auditory feedback will have a final iteration to change the sounds
accordingly. The final study will conduct a quantitative experiment
where participants test both the conventional and enhanced au-
ditory feedback for barcode and RFID scanning. Based on these
results, conclusions can be drawn and finally, the research question
can be answered.

2 Related work
A literature review is performed to research the state-of-the-art
regarding auditory feedback in both general UI applications and
warehousing applications. It addresses guidelines, advantages, and
pitfalls of auditory feedback and divides this more specifically into
auditory icons and earcons. It compares the two types and also
touches upon evaluation methods to understand how auditory feed-
back is assessed. This is important as it allows us to gain inspiration
on how we should conduct our own research. On top of that, the
literature review addresses the current shortcomings of auditory
feedback in warehousing solutions. Altogether, the related work
section defines the scope and sketches current gaps in knowledge,
leading to our research question that contributes to the existing
body of knowledge regarding auditory feedback in warehousing
solutions.

The literature review conducted started with a basic search in-
cluding the keywords "auditory feedback", "earcons", and "auditory
icons" to gain a general understanding of the field. Some highly cited
publications were thoroughly analyzed, resulting in more important
keywords that were included: "usability", "UI", "UX", "design", and
"multimodality". Abstracts and conclusions of publications were
read to determine their usefulness and relevance. Among these pub-
lications, highly relevant papers were identified on which backward
and forward citation search was performed to get a clear and com-
prehensive overview of the state-of-the-art. After analyzing and
reporting on auditory feedback in general, the search was expanded
with the keywords "WarehouseManagement System (WMS)", "RFID
scanning", "Barcode scanning", and "AIDC". Relevant publications
with these keywords were used to create a clear overview of the
current warehouse challenges and how scan technologies are now
being used.

Publications before the studies by Sumikawa [94] and Gaver [42]
about earcons and auditory icons respectively, were excluded from
the search as these studies are known to have introduced these
concepts. The review was limited to studies in English. Google
Scholar has been used as a search engine, both in normal and
incognito mode.

First, the role of auditory feedback will be discussed, with a spe-
cific focus on its use in UIs. Next, auditory icons and earcons are
discussed. Their key characteristics like meaningfulness, learnabil-
ity, identification, musical characteristics, and user preferences are
stated. Applications are mentioned to discuss the current use of
these concepts. Hereafter, a short comparison will be made between
auditory icons and earcons, after which we dive into the evaluation
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methods. Finally, WMSs and the auditory feedback in this field will
be discussed in section 2.6.

2.1 The role of auditory feedback in UI
There have been huge strides in the domain of auditory feedback in
wearables and hand-held devices such as smartwatches, tablets and
mobile phones [2, 89]. Other than being used as the typical alerts or
notifications of events (e.g., incoming calls, messages, or feedback
in games), nonspeech sounds are also used as simple aids in tasks,
such as audio-tactile feedback when typing on touch interfaces,
swiping a page in an e-reader, going over the speed limit detected
by a mobile GPS, etc. The role of auditory feedback is becoming
increasingly important for conveying information, enhancing UX,
and improving accessibility.

2.1.1 Conveying information
Sight is considered the most valued sense by most people while
hearing is ranked second, which partially explains the success of
Graphical User Interfaces (GUIs) [13, 17, 34]. Although proven to be
successful, due to limited screen space there is a high chance to get
overly dense displays which in turn leads to cognitive overload, neg-
atively impacting the user’s decision-making performance [13, 89].
Another downside is that visual information is not transient as
obsolete or irrelevant information remains visually available [17].
While we should not diminish the importance of visual feedback
in UIs, one could argue we have overly prioritized this modality.
Past studies have shown that information spread over multiple
modalities helps to minimize users’ cognitive load and increases
task performance [2, 17]. Displaying information on the auditory
channel is useful because it is still an under-utilized channel in UI
and transient in nature [17]. It enables users to receive immediate
and informative feedback, without solely relying on visual elements
[21]. Although less researched, audio is therefore a promising addi-
tion to the visual channel in UI.

Aside from relieving the visual channel, audio has more advan-
tages for information transfer. Audio is useful when the user cannot
view a display, such as while driving or walking in a crowded area
[31]. Compared to the foveal area of the retina which subtends an
angle of only two degrees around the point of fixation, sound can
be heard from 360 degrees [21, 61]. No concentration has to be paid
to the output device, providing greater perception flexibility overall
[17]. However, while the transient nature of audio can assist with
dense visual displays, it also presents a drawback as audio cannot
always be replayed, resulting in potential information loss [1, 17].
Figure 2 by Gaver [43] briefly summarizes important differences
between time and space for sound and vision when conveying in-
formation in UI. A simple way to contrast the auditory channel
with the visual channel is the fact that sound exists in time and
over space, while vision exists over time and in space.

Our ears are precise instruments making them useful to convey
information [36]. Human sensations produced by sound, researched
in psycho-acoustics, are well-developed and can be used to increase
situation awareness [32, 73]. Compared to visual stimuli, auditory
stimuli evoke a faster reaction time [14]. Yet, humans have approx-
imately ten times as many cortical neurons devoted to vision as
there are to hearing. Perceptual judgments made with the eyes are

Figure 2: Differences between sound and vision by Gaver
[43].

usually more precise than those made with the ears. When compar-
ing the visual and auditory representational dimensions of length
and pitch respectively, it becomes evident that the percentage of
pitch change needed to perceive a difference is twice that of the
percentage of visual line length change required [76]. This percep-
tion difference is important to take into account when one designs
an interface or transfers knowledge from the visual to the auditory
channel.

Despite a well-developed auditory channel, psycho-acoustic con-
siderations, such as the influence of context on sound perception
and individual differences in music cognition, are crucial [24, 76].
Musicians, with heightened pitch discrimination, demonstrate bet-
ter acuity in pitch and time. On top of that, psycho-acoustics have
told us interrelationships among sound characteristics exist, like
loudness affecting timbre [14, 76]. Such variability in music cogni-
tion contributes to variability in auditory feedback comprehension
and therefore the conveyed information. Being aware of those
psycho-acoustics helps sound design to be effective and accurate.

Concluding, the under-utilized auditory channel can play a sig-
nificant role by providing immediate and informative feedback, re-
ducing cognitive load, and offering advantages in situations where
visual attention is limited. While the perception of sound is context-
dependent, individually different, and entails interrelationships
among sound characteristics, the auditory modality offers valuable
opportunities to improve user interfaces and optimize informa-
tion transfer. By using the strengths of both visual and auditory
channels, designers can create interfaces with increased usability.

2.1.2 Enhancing UX
There is a growing recognition of the significance of incorporating
multimodality, particularly audio, to craft immersive UX in the
evolving landscape of multimodal user interfaces [20, 61, 89]. As
human communication is multimodal, multimodality is assumed
to provide a more natural and robust interaction than unimodal
systems. Consequently, incorporating multimodality into a system
should enhance usability and UX [99]. Besides the positive effects
of multimodality on cognitive load, multimodal interfaces are also
perceived to be more usable and enjoyable, where audio is believed
to increase stimulation and lead to pleasurable experiences [2].
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Current mobile devices can generate high-quality polyphonic
sounds, immersing users and enhancing emotional engagement by
incorporating realistic sounds for UI objects [61]. Additionally, it
is important to consider that melody-based feedback, rather than
simple beeps, improves effectiveness, efficiency, and user satisfac-
tion with the UI. Furthermore, low-intensity sounds can enhance
the positive perception of the UI [79]. Research has demonstrated
that combining audio with graphics in UIs significantly enhances
usability by leveraging our natural ability to process information
across multiple senses. By facilitating multimodal interfaces, seam-
less and intuitive communication between the device and the user
is created, fostering an enhanced UX [20].

Absar and Guastavino [2] published general guidelines for de-
signing audio to enhance UX. These guidelines include: sounds
should be aesthetically pleasing; sounds should be short; sounds
should all be aesthetically homogeneous to the interface, although
each have to be different to each other to convey appropriate infor-
mation; the total number of sounds should be kept to a minimum;
multiple sounds overlaying each other should be avoided as much
as possible; and commonly occurring events should be designed
with less obtrusive sounds. A major challenge with audio in mobile
phone UIs is the varying contexts in which they are used. Individu-
als often feel embarrassed or disturbed by the sounds emitted from
their devices in public spaces, leading them to opt for turning off
the device’s volume. One of the reasons to turn the volume down is
the fact that users do not think the sound is informative [61]. Fol-
lowing guidelines makes sure a designer knows how to implement
audio in UI and can help to detract as little from the UX in different
contexts.

Although some guidelines exist, Frauenberger et al. [36] claim
that designing auditory feedback in UI is poorly understood as
audio as an integrative part of UI has been widely neglected in the
past. However, both Frauenberger et al. [36] and Korhonen et al.
[61] say that the importance of audio in UI is increasing. The main
UX concern is the fact that users quickly link auditory feedback to
annoyance: a feeling of displeasure associated with audio known or
believed by an individual or a group to be adversely affecting them
[20]. Besides audio being uninformative, excessive intensity is also
a reason for perceived annoyance [20, 61]. To avoid annoyance,
audio hardware must have good quality; audio should be kept to
a low level, slightly louder than background music; parameters
other than intensity should be manipulated; and audio must be kept
within a narrow intensity to allow users to pick the best volume
level [20].

Concluding, there is an increasing recognition of the impor-
tance of incorporating multimodality, particularly audio, in the de-
sign of UIs to create engaging UX. Current mobile devices provide
high-quality audio capabilities, allowing for the use of aesthetically
pleasing sounds that enhance immersion and emotion within the
UI. The design of auditory feedback requires careful consideration
to avoid potential negative impacts on the UX, such as annoyance
and disturbance. Following guidelines can help create a positive
auditory experience and is crucial for user acceptance. While de-
signing auditory feedback in UIs has been overlooked in the past,
the increasing recognition of the significance of audio highlights
the need for well-designed auditory feedback to enhance the overall

UX. Future research should focus on mitigating perceived annoy-
ance and improving user satisfaction by considering factors such
as informativeness and aesthetics.

2.1.3 Improving accessibility
Nowadays, devices are seen as integrated environments, accessible
by anyone, anytime, and anywhere. This highlights the importance
of high-quality user interfaces, accessible and usable by a diverse
population with different abilities, skills, requirements, and pref-
erences, in many different contexts [93]. Nielsen’s "visibility of
the system status" heuristic focuses on such accessibility. A design
should always keep users informed about what is going on, through
appropriate feedback within a reasonable amount of time [78]. It
is important to provide feedback on actions initiated by the user,
as the feedback serves as acknowledgment for the user. Not only
visual feedback but also auditory feedback like the boot sound of
an Apple Mac is therefore crucial to inform the user about actions
[8].

Audio provides information that vision cannot [45]. Gaver [45]
captures the essence of sound in UI : "Sound is a powerful medium
for conveying information. Sound complements vision, [...]. Sound
can reveal patterns in data, give feedback about user actions or allow
monitoring of system processes. [...] Moreover, when combined with
speech, sound can be used to make computers accessible without any
need for vision or visual displays at all." Audio can thus provide
additional information, complement vision, and contribute to a
more accessible interface. Especially when viewing this in the scope
of the amount of information that can be distributed and displayed
with current technologies, the importance of audio for accessibility
becomes apparent. Multimodal interfaces simplify information and
guide user attention, which in turn positively influences decision-
making, response times, and general performance [83].

With the rise of GUIs, visually impaired users struggle more
with digital interaction [100]. In older command line interfaces,
screen readers could read text aloud, providing visually impaired
users with the same information as sighted users. However, mod-
ern interfaces with the information presented pictorially pose a
challenge for screen readers [18]. Auditory feedback, in the form
of auditory icons and earcons, provides an alternative way of con-
veying information for user interfaces and is accessible to visually
impaired users [40]. Auditory feedback, especially auditory icons,
using environmental, familiar sounds is received well by visually
impaired users [100]. Utilizing auditory feedback not only helps to
show the visibility of the system status, but also assures a wider
range of users and enhances their overall experience, immersion,
and satisfaction [40].

Contrary to visual feedback, auditory feedback is transient, mean-
ing the information cannot be stored to display. However, this does
allow auditory feedback to be attention-demanding, as it breaks
in on the attention of the operator. Additionally, visually hidden
aspects in the background of a certain process can be made percepti-
ble with auditory feedback, like a warning when a certain threshold
is reached [85]. By leveraging the attention-capturing nature of
auditory feedback, multimodal interfaces thus can enhance overall
accessibility and mitigate the negative impact of information and
cognitive overload.
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In conclusion, accessibility considerations play a crucial role in
ensuring digital interfaces cater to the needs of all users in various
contexts. The rise of GUIs has presented challenges for visually
impaired people and shifted the focus to mainly vision as feedback
mechanism. While vision is often considered the primary sense,
sound offers unique advantages in improving accessibility that vi-
sion alone cannot provide. Utilizing auditory feedback not only
enhances the visibility of system status, it also helps visually im-
paired users by conveying information, contributes to overall user
experience, immersion, and satisfaction, and reduces information
overload.

2.2 Auditory icons
Auditory icons are everyday sounds meant to convey information
about events in the computer by analogy with everyday events
[42, 43]. Auditory icons are familiar sounds based on experiences
in the real world [47]. Gaver [42] claims that using sound in the
form of auditory icons is an appealing idea, as it is based on the
way people listen to the everyday world. Auditory icons represent
multidimensional, organized information in an intuitive way, pro-
viding information that visual displays do not and thus extending
the consistency of a model world on a computer. Auditory icons
and visual icons together create a more encompassing world for
the user. In the next section, we will discuss auditory icons in detail,
by highlighting their key characteristics and applications.

2.2.1 Key characteristics
When designing both auditory icons and earcons, many factors
may affect their usability. We have divided these factors into five
categories: 1) Meaningfulness: the relation between the auditory
feedback and referent, 2) Learnability: the extent to which the au-
ditory feedback can be easily learned, 3) Identification: the extent
to which auditory feedback can be easily perceived and separated
from other cues, 4) Musical characteristics: the characteristics be-
longing to well-designed auditory feedback, and 5) User preferences:
the opinions of users on the auditory feedback. We will now discuss
these characteristics for auditory icons.

Meaningfulness
Auditory icons have a clear and recognizable association with the
action or object they represent (the referent). Three levels of physi-
cal equivalence exist between the auditory icon and the referent
[42].

• Symbolic: the relation between the auditory icon and the
referent is based on social convention, like sirens for an
approaching ambulance.

• Iconic or Nomic: the relation between the auditory icon and
the referent is based on the physical source of the referent,
like a wood-hitting sound to represent wooden objects.

• Metaphorical: the relation between the auditory icon and
the referent is not completely arbitrary, yet also not fully
dependent on physical causation. It is based on some simi-
larities between the sound and referent, but not as strongly
as the iconic level, like breaking glass to indicate something
fragile is present.

These mappings are not as mutually exclusive as they seem and
some may fall between these categories. For instance, a weak
metaphorical mapping becomes increasingly symbolic. Similarly,
nomic mappings depend on models of the source events that pro-
duce the sound. If these sounds are becoming more approximate,
the sounds map more to a metaphorical connection [42]. The mean-
ingfulness is important to understand, as it, in turn, influences the
learnability of the auditory icon.

Learnability
In general, auditory icons have great learnability [24]. Learnability
is determined by articulatory directness, which represents the degree
to which a sound corresponds to the referent [54]. Nomic mappings
have the most articulatory directness, as it is based on the physical
source of the referent. Metaphorical mappings have in turn more
articulatory directness than symbolic mappings, as the latter is only
based on social conventions not necessarily mapping to interaction
with the referent. More articulatory directness also means improved
learnability, meaning the more a sound depends on its meaning, the
easier it is to be learned. This makes nomic mappings the easiest to
learn, followed by metaphorical mappings, which are in turn easier
to learn than symbolic mappings. However, once a mapping has
been learned, articulatory directness does not affect performance
anymore [42].

A sound designer should always strive to minimize the learning
curve for understanding auditory icons to promote efficient and in-
tuitive interaction. Users’ experience with previous auditory icons
is a factor influencing learnability. Previous experience can hamper
learnability, making inexperienced learners quickly adapt [24].

Identification
Cabral and Remijn [24] state that the usefulness of auditory icons
diminishes when the sound is not identifiable. The identification of
an auditory icon is context-dependent and is vulnerable to masking
by other (environmental) sounds, meaning it is possible that the
sound blends in with the other nearby sounds. Masking can be
avoided by diversifying auditory icons by time-varying frequency,
amplitude, and timbre. Auditory icons should be distinctive and
should not produce multiple semantic interpretations in order to
keep swift identification on a high level.

A study by Mynatt [74] assessed the identifiability of auditory
icons. Subjects were asked to describe the sounds as best as they
could. 64 everyday sounds were recorded and played for 83 students
in a classroom. Only 15% of the auditory icons had high rates (>80%)
of correct identification. A reason for this low percentage might be
that the sounds were context-independent, not focused on a specific
part in a UI. The majority of sounds had high partial or alternative
scores, meaning the sound is partially identified (like an object with
the same affordance) or a sound had a consistent alternative answer.
10% of the sounds had overall low rates of identification. The study
also stressed that there was a clear distinction between identifying
a sound as an object and identifying a sound as an action. We learn
that despite auditory icons benefit from great learnability, the initial
identification might not be of great precision in such studies.

Another study by Belz et al. [10] compared conventional warning
signal recognition (tonal, nonverbal sounds) with auditory icons.
Upon completing a driving simulator, participants were asked to
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identify the meaning of each warning signal presented. While only
half of the participants were able to correctly identify the meaning
of the conventional auditory signals, 96% of the participants cor-
rectly identified the auditory icons. Somewhat similar results were
found in an intensive care setting study byMcNeer et al. [71]. Warn-
ings based on auditory icons were easy to identify and learn, while
conventional warnings were perceived as having higher fatigue and
task load. Both studies highlight the importance of identification
of auditory icons, as guessing or not knowing a warning based on
audio could have catastrophic implications.

Musical characteristics
Musical characteristics of an auditory icon should focus on accu-
rate identification [24]. Factors contributing to identification are
sound duration, intensity, quality, and frequency range. Auditory
icons should have a duration between 400ms and 2000ms to enable
swift identification, with a frequency range of 300-3000Hz given
that the human hearing is most acute within this range. However,
auditory icons may be perceived differently according to the lis-
tening environment and the listeners themselves as researched in
psycho-acoustics.

Creating complex auditory icons representing real-world events
is challenging. Unlike simple computer-generated sounds (like
earcons), auditory icons involve both real-world recording and
software manipulation, offering more realism but facing drawbacks
like technology-induced coloration, shaping difficulties with music-
oriented software, and limited real-time modification [44]. Because
sound creation of auditory icons is more difficult compared to
earcons, it is more difficult to describe detailed musical characteris-
tics. The most crucial aspect while designing auditory icons is to
make sure that the listener can hear the sound clearly and under-
stand any changes in specific parts of the sound. The focus is on
the perception of the message rather than the content itself [97].

User preferences
How the user responds emotionally to an auditory icon is important
[74]. Auditory icons enhance the interaction between a computer
and the user, making an interface more intuitive, efficient, and en-
joyable [24]. Besides, research has shown that users prefer auditory
icons with strong relations to their referents, meaning they prefer
nomic mapping where the sound of the icon is directly related to
the source, having a high level of articulatory directness [24].

Even though many studies have found potential performance
advantages for auditory icons compared to abstract sounds, audi-
tory icons have not been widely employed for human-computer
interaction. A reason for this might be the lack of user acceptance
for auditory icons [55]. In the study by Belz et al. [10] about audi-
tory icons used for vehicle warning systems, users’ acceptance of
and subjective response to auditory icons is considered. Although
auditory icon identification was successful, half of the participants
were skeptical about them, indicating they did not like the warn-
ing signal. The context, expected response, and importance of the
sound of an auditory icon itself will all play a part in listener ac-
ceptability of these warnings [55]. We conclude that it is important
to not only research the efficiency and effectiveness of auditory
icons but also user satisfaction as this is a critical usability factor too.

Lessons learned
All in all, auditory icons have three different mappings. Their articu-
latory directness determines the learnability, with nomic mappings
being the easiest to learn. Identification of different auditory icons
is important, but can sometimes still be difficult due to problems
like masking or general confusion. It is expected that identifica-
tion is higher when the context in which the sound is played is
known. Auditory icons should be short and within the frequency
range where human hearing is most acute. Despite auditory icons
evoke intuitive, efficient, and enjoyable interaction in some studies,
they are not widely employed due to low user acceptance. User
satisfaction is a very important factor in determining success.

2.2.2 Applications
Although not widely employed yet, auditory displays equipped
with both auditory icons and earcons are becoming increasingly
prominent in a great variety of applications, like home appliances,
computers, smartphones, and automotive, aviation, medical, finan-
cial, and military applications [89]. We highlight several domains in
which auditory icons are currently used. In the automotive domain,
auditory icons are used to inform drivers about the condition of the
vehicle, prevent drivers’ misbehaviors such as falling asleep behind
the wheel or forgetting to lock the door, and improve situation
awareness by reducing brake response time [10, 24]. The study
by Belz et al. [10] use tire skidding and a horn honk to represent
impending collisions from different angles. Despite the fact that
their study highlights the skepticism about auditory icons not being
preferred by participants, one could discuss that the pros of this
study outweigh the cons due to the positive impact on response
time and learnability.

Although the importance of sound is well-known in video games,
there is a growing interest in using auditory icons as means of pro-
viding the player with additional information [77]. Video games
with auditory icons give the user an idea as to what generated the
sound, whether the sound was important enough to warrant further
attention, and if required how the user might take action. Auditory
icons providing multidimensional information are promising, as
they convey many different attributes of their source [77]. An ex-
ample includes the sound of a bullet nearly missing its target to
detect the position of an enemy.

Airplane pilots have to deal with a great amount of information,
including a visually demanding interface. A study by Perry et al.
[81] investigated the efficacy of auditory icons as warning signals in
an aviation context. Metaphorical mapping was used, like couching
and a car failing to start, to indicate a high level of carbon monox-
ide and low fuel levels respectively. Significantly fewer training
trials were required to learn auditory icon warnings compared to
conventional warnings, and accuracy in the test phase was higher
for auditory icons. Conventional warnings elicited slow reaction
times and poor accuracy. These findings can help pilots to learn the
interface quicker and make fewer mistakes.

Studies on hospitals and medical equipment have reported simi-
lar results regarding learnability too [24]. Nevertheless, it is impor-
tant to note that in instances where auditory icons are undesired,
they have been found to contribute to errors during the execu-
tion of secondary tasks. Lastly, auditory icons also have proven
to positively impact notifications on mobile devices. Learnability,
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memorability, and intuitiveness are better when auditory icons are
used for notifications [24].

We conclude that learnability is the main positive driver of au-
ditory icons. It is worth considering changing from conventional
feedback to auditory icon feedback when it takes a long time to
understand an interface or many different warnings exist. However,
aesthetically it might not always be the best option. Evaluating
user satisfaction is crucial in applications where quick reactions
and quick learnability are not necessarily important.

2.3 Earcons
Earcons, as introduced by Sumikawa [94], are non-verbal audio
cues used in UI to provide information and feedback to the user
about some computer object, operation, or interaction. Unlike au-
ditory icons with direct analogies, earcons are abstract, synthetic,
and musical tones with a symbolic mapping between the sound
and the referent [29]. Examples include a Mac startup sound, a
notification sound, and the sound you hear when pressing a key
on your touchscreen.

Blattner et al. [13] discuss the four types of earcon structures:
one-element, compound, hierarchical, and transformational earcons.

One-element earcons
One-element earcons consist of single-pitch earcons and single-
motive earcons. Single-pitch earcons are used to transmit only a
single bit of information, like saving, clicking on, or opening a file.
These earcons have attributes pitch, duration, and dynamics. They
cannot be decomposed further to obtain more information [3, 13].
Single-motive earcons, on the other hand, have a brief succession
of pitches arranged to produce a rhythmic and tonal pattern suffi-
ciently distinct to allow it to function as an individual, recognizable
entity. The attributes included are rhythm, pitch, timbre, register,
and dynamics. They represent common computer entities such as
error messages, system information, windows, and files [13].

Compound earcons
Compound earcons, also combined earcons, are formed by placing
two or more one-element earcons in succession. If a single-pitch
earcon is created for the icon "file" and a single-pitch earcon is
created for the action "open", then a compound earcon can be "open
file" by placing the two single-pitch earcons after each other as can
be seen in figure 3 [89]. Repeating audio elements gives the same
advantages as repeating visual elements: ease of construction, set
expansion, and ease of identification and retention [13].

Hierarchical earcons
Hierarchical earcons are constructed around "grammar", where
each earcon is a branch of a tree and each branch receives all the
properties of the branches above it in the tree [3]. Modifications
could be made with rhythm, pitch, timbre, register, and dynam-
ics. Although the number of earcons that may be learned is much
greater compared to auditory icons, hierarchical earcons are useful
for systems with a large number of earcons present as the message
can become very sophisticated [13]. Figure 4 shows how such hier-
archical earcons could be made.

Figure 3: Creation of compound earcons by Roginska [89].

Figure 4: Creation of hierarchical earcons by Blattner et al.
[13].

Transformational earcons
Transformational earcons are constructed around "grammar" too,
but only the rules by which earcons are formed need to be learned.
Transformed earcons are modified in simple ways that clearly retain
perceptual equivalences so that the contour, also musical shape, is
not changed too much. Changes in timbre, dynamics, and register
are no problem, but pitch changes change the contour of the earcon
and should be administered with care [13]. Brewster et al. [21]
discuss that differences between transformational earcons can only
be heard by skilled musicians and are therefore not useful. Figure 5
shows how such transformation earcons could be made.

2.3.1 Key characteristics
Just like auditory icons, earcons have many factors that affect us-
ability.

Meaningfulness
Auditory icons are not suited for situations where there is no intu-
itive sound to represent the referent [69]. Many items in a UI have
no clear iconic representation. For these cases, earcons can yield
an effective solution, such as three notes diminishing loudness and
pitch to represent file deletion. Most earcons have solely symbolic
mappings with the information they represent and are thus flexible
[29, 41]. Therefore, earcons should help users maintain awareness
of their actions and current location in the UI for actions that do
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Figure 5: Creation of transformational earcons by Blattner
et al. [13].

not have a clear iconic representation [73, 98].

Learnability
Contrary to auditory icons, earcons lack a meaningful relationship
with their referent and thus lack articulatory directness. Users will
have to learn and memorize these relationships from scratch, com-
pared to the relatively easily learned auditory icons [41]. During
the learning process of an earcon, the listener codes an internal
representation of an earcon in the brain, which includes musical
characteristics. Listeners use internal representations to compare
known earcons with new incoming earcons. If the earcon is suffi-
ciently similar to an existing internal representation, the listener
recognizes the earcon. If it is not similar, it can be considered a
new earcon. This mental structure for storing audio information
facilitates memory recall [13]. Based on this information, we infer
that hierarchical earcons demonstrate the best level of learnability
among the four types of earcons, because each node inherits the
properties of the earcon above [29].

Blattner et al. [13] address the importance of space complexity
for earcons. Space complexity measures the amount of memory
required to retain an earcon. The design goal for earcons is to mini-
mize space complexity, as it is easier for users to recall and identify
the earcon while conveying maximal information content. Each
note of an earcon can be seen as a five-tuple of rhythm, pitch, tim-
bre, dynamics, and register. An earcon with n notes has therefore
space complexity 5n, or O(n). In family earcons, like transforma-
tional or hierarchical, motives share relationships, reducing space
complexity by introducing slight variations compared to different
individual sounds. Compound earcons are useful when it comes
to reducing space complexity too, as they use common audio ele-
ments to represent similar features of different computer entities. A
user has less than a full set to remember, as we can conclude from
figure 3. Only the earcons for create, destroy, file, and folder must
be remembered, as from these the user could easily recognize and
identify earcons like "create file" and "destroy folder". This approach
aims to create earcons that are easy to learn and remember while
conveying essential information.

Earcons use the Western tonal scales, as tonal sequences appear
to be easier for Western listeners. Both the pitches and intervals
of atonal melodies are much harder to learn. The intervals of the
Western tonal scales are embedded in the minds of even untrained
listeners, positively impacting the learnability compared to atonal
melodies [13].

Identification
Brewster et al. [21] discuss that timbre is a very important factor
to identify and recognize earcons. Just like auditory icons, masking
can be a problem. To avoid masking and increase identification, tim-
bres with multiple harmonics can be used. Additionally, a greater
difference in pitches and registers allows for easier differentiation
between earcons. In general, small and subtle changes between
earcons are unlikely to be noticed by anyone but skilled musicians.
Therefore, to clearly identify different earcons, musical characteris-
tics must be sufficiently distinct.

Musical characteristics
Because earcons are synthesized sounds, more accurate musical
characteristics can be determined compared to auditory icons. Blat-
tner et al. [13] set up guidelines for earcon creation, which are
improved by Brewster et al. [21] and Dingler et al. [29].

Timbre) Brewster et al. [21] argued that musical timbres are
more effective than simple tones like sine waves and square waves.
Therefore, synthesized musical instrument timbres should be used.
Where possible use timbres with multiple harmonics, as it helps
perception and avoids masking. Use timbres that are easy to tell
apart, like "brass" and "organ" instead of "brass1" and "brass2".

Pitch) It is hard for users to distinguish two earcons solely
differing in pitch. Therefore, one should not use pitch on its own
unless there are very big differences between those used [21, 29].
Besides, it is difficult to distinguish very low and very high pitches,
which should not be taken into account because of that reason [13].
Suggested ranges for pitch are Min.: 125Hz – 150Hz (an octave
below middle C), and Max.: 5kHz (four octaves above middle C)
[21, 29]. This guideline is somewhat different to the 300-3000Hz
range from auditory icons.

Register) The eight octaves in our Western system could be
divided into low, medium and high register. As with pitch, it is
better to combine changes in register with other sound dimensions
or at least use large differences of two or three octaves in order
to achieve good rates of recognition [29]. If used solely, the dif-
ference of three or more octaves gives good rates of recognition
[21]. Besides, earcons constructed with pitch sequences contained
in the low, medium, or high registers are easily differentiated, and
therefore, easily perceived [13].

Rhythm) As discussed in Patterson [80], sounds using similar
rhythm are very likely to be confused. Therefore, to create effective
earcons, it is important to make the rhythms of separate earcons
as different as possible [29]. To accomplish this, one can vary the
number of notes in each rhythm; however, to avoid overlooking
small note lengths, a minimum duration of 0.125s is essential [21,
29]. Lastly, to make an earcon sound like a complete rhythmic unit,
the first note should be played slightly louder and the last note
should be slightly longer [51].
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Intensity) Perception of loudness differs from person to person
and should thus be carefully designed. If a sound is too loud it may
become annoying and too quiet it may be lost. Earcons should be
kept in a close range of intensity, so no sounds get lost when the
user adapts the volume. Intensity in the range of Min.: 10dB above
background sound threshold and Max.: 20dB above background
sound threshold is suggested [21, 29]. Always let the user decide
the volume to reduce annoyance by sound pollution [18].

Duration) Earcons should be kept as short as possible so they
can keep up with the interaction in the interface. Blattner et al. [13]
say earcons composed of three different note values are easiest to
remember. Based on that reasoning, Engeln et al. [33] advice to not
use more than 4 notes in an earcon to keep the learning effect small.
However, other studies have proven that earcons with up to six
notes played in one second are usable [21]. Monsaingeon et al. [73]
used earcons of 900ms in his study. We can conclude there is no one
golden rule for the duration of earcons, but the general sentiment
is to keep earcons short and concise.

User preferences
In the study by Garzonis et al. [41], earcons not only scored lower
in subjective preference compared to auditory icons, but they also
seemed to cause strong negative feelings and frustration. This can
be explained by the inefficient learning process. The same study
suggests that earcon design needs to both meet literature-based
requirements in terms of structure and distinguishability and in-
volve users in order to produce aesthetically pleasant sounds. It is
interesting that the same earcons received very positive feedback
in another experiment by Garzonis et al. [41], where their validity
was established. Besides, Brewster et al. [21] claims that previous
work has proven that, if designed carefully, earcons are useful and
not annoying.

Contrary to Garzonis et al. [41]’s first experiment, a study by
Amer and Johnson [6] showed better results for earcons. Although
their first experiment showed that participantsmore quickly learned
the relationships between computing events and auditory icons,
their second experiment showed that participants preferred to hear
earcons rather than auditory icons. On top of that, they indicated
that auditory icons would be more irritating after repeated hearings.
Taken together, these results show that the more effective mode
of communication is less preferred by users. There is not a clear
distinction between the preferred mode of auditory feedback.

Lessons learned
All in all, four different types of earcons exist.While all of them have
low articulatory directness, hierarchical earcons and compound
earcons have fairly good learnability because of a three structure
and reduced space complexity respectively. Musical characteristics
to identify earcons depend on things like timbre, pitch, register,
rhythm, and intensity. Although earcons evoke negative responses
at first because of their learnability, other experiments have proven
that once known, earcons are preferred over auditory icons.

2.3.2 Applications
The automotive domain benefits from earcons in many ways. Mon-
saingeon et al. [73] performed a study with earcons to indicate the

hierarchy of automation modes while driving (manual, longitudi-
nal, and longitudinal with lateral). The results indicated that the
earcons were efficiently perceived and provoked a small decrement
to a visual task, meaning the driver no longer has to look at his
display as often to see which automation mode is active. Earcons
thus effectively conveyed information, making sure participants
had to rely less on their visual channel.

A study by Reynolds-McIlnay and Morrin [86] discussed the
importance of retail transaction auditory confirmation (RTAC): pro-
viding earcons during the purchase transactions. Purchase transac-
tions happen in a visual and auditory complex environment, having
a distracting nature as one could potentially interact with other in-
dividuals. This situation could negatively impact shopper attention
by increasing cognitive load and decreasing trust. RTAC enhances
trust by utilizing earcons that are associated with purchase transac-
tions, such as the beep heard when scanning an item at the checkout.
These earcons offer confirmation to users that the technology has
successfully registered their actions, minimizing any uncertainty
during the transaction process. Additionally, this helps alleviate
the cognitive load caused by distracting retail environments. Lastly,
earcons also help with reducing transaction scanning errors. This
proves the great usability increase that earcons provide.

Like auditory icons, earcons are used in games too. Earcons have
the advantage of being without context and thus can represent any
event or interaction in the interface. They also tend to be more
precise than auditory icons. However, the disadvantage is that
earcons have no intuitive knowledge to draw on when interpreting
the sound. They have to be learned. Earcons in video games are used
to provide detailed information to players in the form of warning
signals, like potential ambushes, damage levels, and team orders
[77].

Earcons are used in interfaces where visual feedback is not pos-
sible, like in telephone-based interfaces (TBIs). In these systems,
earcons provide navigational cues and represent menu hierarchy.
With TBIs, like voicemail systems, auditory navigation is important
to make the user aware of the current options. Earcons were able to
represent a 27-node hierarchy and showed to be a robust method
of presenting navigation information [19].

We conclude earcons have many relevant applications. Although
the learning process is a major drawback and might be a reason to
pick auditory icons over earcons, earcons have proven to convey
information effectively, decrease cognitive load, increase trust, and
are able to provide navigational cues.

2.4 Comparison of auditory icons and earcons
Auditory icons and earcons appeared in the research literature al-
most simultaneously, in 1987 and 1985 respectively. Because they
were both proposed by researchers from different fields; Denise
Sumikawa as a cognitive psychologist for auditory icons andWilliam
Gaver as a computer scientist for earcons; they were initially con-
sidered separately for the most part [27]. More recently, several
studies have combined the two and compared dimensions such as
learnability, memorability, and user preference. However, due to
the large number of application domains and evaluation methods,
such results are often contradictory and lack generality [27].
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Plenty of studies suggest that auditory icons can be easier to
learn [24, 41, 98], and that user reaction times to auditory icons
can be shorter than to earcons [41, 75], while other studies have
demonstrated that earcons can be more pleasant in certain cases
[6]. On top of that, Brewster [19] claims that users’ retention of
sounds depends heavily on the individual sound (not the sound
type) as well as the learning method used. It is certain that auditory
icons and earcons evoke different kinds of cognitive capabilities.
For auditory icons, this means they are easier associated with iconic
entities, while earcons are used where no reference to a physical
entity is available [27].

Some studies try to compare auditory icons with earcons. How-
ever, these studies depend on the design of the sounds meant to
represent auditory icons and earcons. If a well-designed set of au-
ditory icons is compared with a poorly-designed set of earcons,
it is easy to suppose that auditory icons are proven to be better.
The generalizability of these results could be suspect at best [45].
Besides, the ratings of mappings in most studies do not look at long-
term memorability. Similarly, ratings in laboratory settings may
not relate well to ratings after long-term exposure in a work setting.
Concluding, the results of comparison studies must be taken with
some skepticism [45].

Several researchers have argued that this strict discrimination
between auditory icons and earcons may be limiting for real-life
applications, as no clear qualitative dominant superiority has been
found after all studies performed. They suggest that both types
should be used together, while others also highlight that auditory
icons and earcons are theoretical extremes along a continuum of
semi-abstract nonspeech sounds [27]. Gaver [45] highlights the fact
that there has always been an implicit rivalry between auditory
icons and earcons. However, he also discusses that the two ap-
proaches may turn out to complement one another and differences
are not as great as the theories would suggest. Take for example
parameterizing auditory icons along acoustic dimensions like the
pitch to indicate the size of a real-world object in UI. When this
is done, the acoustic dimensions used to parameterize auditory
icons are not much different from those used to build hierarchical
earcons.

While research on auditory icons and earcons has provided in-
sights into their characteristics and applications, the conflicting
results and limitations of comparative studies suggest that a more
nuanced approach is necessary. We infer that auditory icons and
earcons should not strictly be seen as two separate entities. Instead,
we should focus more on what kind of individual sound, instead of
sound type, must be used and researched.

2.5 Evaluation of auditory icons and earcons
To decide upon the usability of auditory icons and earcons, we
should take a look at how previous studies have evaluated auditory
feedback. Nees and Liebman [75] performed a meta-analysis of brief
audio alerts in human-machine interfaces. They divide auditory
feedback into five evaluation categories: accuracy (43 studies), reac-
tion time (50 studies), subjective ratings (36 studies), workload (13
studies), and dual-task interference (11 studies). We will shortly dis-
cuss each of the five categories to gain insight into how evaluations
are performed in those included studies.

2.5.1 Accuracy
Accuracy is measured in different ways, depending on the goal of
the study. Many times, like in the highly cited paper of Brewster
et al. [21] or the study by Bonebright and Nees [15], accuracy is
determined by the percentage of correctly perceived auditory icons
or earcons. First, participants listen to a set of auditory feedback
and view visual icons (the training phase), after which they need to
map the auditory feedback to the visual icons again (the recognition
phase). This determines accuracy in terms of memorability. Garzo-
nis et al. [41] is an exception, as no training phase with the actual
auditory feedback was used because they wanted to measure the
intuitiveness of the associations. Fake sounds were used to famil-
iarize the participant with the process. We conclude that accuracy
of auditory feedback is tested either in combination with visual
icons, or is compared with other auditory feedback, to determine
memorability. Mostly, a training phase is preceded.

2.5.2 Reaction time
Reaction time is often studied by measuring the time between hear-
ing an auditory cue and selecting a visual cue. Like McKeown and
Isherwood [70], the procedure often starts with a demonstration
and a training phase. A computer is used to play the auditory cue
as soon as the participant clicks on the screen, while at the same
time visual icons are shown. The reaction time is the time between
the start of the auditory cue and the selected icon. Graham [50]
tests reaction time in a driving simulation. The study evaluates
the differences in brake response time between auditory icons and
conventional warnings. At the same time, it looks at inappropriate
reactions, therefore measuring accuracy. Another study used fake
sounds in the training phase, as intuitiveness was part of the re-
search [41]. Like with McKeown and Isherwood [70], a sound was
played while nine visual icons are shown. During the experiment
users had to map the intuitive sound to the correct visual icon as fast
as possible. In order to address possible learning effects, the order of
presentation of the sounds was pseudo-randomized, ensuring that
the same type of sound was not played in two consecutive trials.
Most reaction time studies present in the meta-analysis by Nees
and Liebman [75] involved the automotive domain, which makes
sense as this requires quick reactions from the users to guarantee
safety. Reaction time for other domains, like generic UI sounds to
improve UX, is not as important and therefore seems not much
covered in literature.

2.5.3 Subjective ratings
Subjective ratings about auditory feedback can be captured in many
different ways, like with questionnaires or semi-structured inter-
views. Absar and Guastavino [2] used five participants to discuss
audio in a system and evaluated if changes had to bemade regarding
length, loudness, or other parameters. Before the actual experiment
started, a 20-minute training session demonstrated the use of the
system. A combined method of think-aloud, followed up with a
semi-structured interview gave insights to verify the auditory feed-
back. The interviewer asked subjective questions about impression,
ease-of-use, and clarity. This study design, preceded by three panels
of end users collaboratively and iteratively designing nonspeech
sounds, ensured that the sounds designed are not based on design-
ers’ personal or ad hoc choices and instead exploit the creativity of
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participatory sound design. It serves as a great framework when
sounds have to be made from sketch.

A short questionnaire could also be used to capture subjective
ratings, like in many other studies [15, 41, 88]. One way of testing
participants’ preferences and general usability is with the industry
standard system usability scale (SUS) questionnaire, used in the
study by Alseid and Rigas [4]. Other studies focus more on an
understanding of the user’s perception of the system across the four
dimensions usefulness, ease of use, ease of learning, and satisfaction
[90]. In that case, the 30-item USE questionnaire created by Lund
[67] is more useful. However, if a less obtrusive questionnaire is
needed, single ease question (SEQ) could be used to ask about the
task difficulty. It is designed to interfere as little as possible with
the flow of using the system, and as a post-task questionnaire it
allows you to compare which parts of the interface are perceived as
most problematic. It is recommended to use standard questionnaires
over homegrown ones since the former demonstrate their validity,
reliability, and sensitivity [64].

Landry et al. [62] uses a somewhat different approach to capture
subjective ratings. Each participant was presented with 30 audi-
tory cues in total. Participants were allowed to replay the cue as
many times as they chose, and filled out seven-point Likert scales
for seven dimensions deemed relevant. These dimensions were
discriminability, meaning, urgency, natural response, annoyance,
startle, and overall appropriateness.

Concluding, subjective ratings are measured in many different
ways, including SUS, USE, SEQ, and homegrown questionnaires.
Each questionnaire has its own pros and cons, like interference,
specificity, and length. Besides questionnaires, other approaches
like think-aloud and semi-structured interviews are used to gain
more in-depth knowledge and create user-centered sound design.

2.5.4 Workload
Another frequently used and widely accepted post-task question-
naire is NASA-TLX (Task Load Index), containing 6 questions on a
21-point scale. Each question addresses one dimension of the per-
ceived workload: mental demand, physical demand, time pressure,
perceived success with the task, overall effort level, and frustration
level. The scale allows scores to be distributed between 0 and 100
in increments of 5. The downside is that NASA-TLX is a relatively
complex questionnaire that needs to be answered after every key
task, and so will add a lot of time to the overall test process [64]. To
reduce time spent on the NASA-TLX, researchers use the Raw TLX
(RTLX): an unweighted combination that skips pairwise comparison
of each dimension. It assumes each dimension is equally important
and simply averages or adds the six ratings of the dimensions to
get an overall workload score [52].

Studies about estimating workload for auditory feedback all
use (variations) of NASA-TLX. Examples include studies by Brew-
ster and Crease [20], Finlayson and Mellish [35], and Šabić et al.
[90]. Brewster and Crease [20] included an additional seventh fac-
tor: annoyance. They ran a statistical analysis on both the overall
workload and individual dimensions to see whether different audio
conditions varied significantly.

We infer that NASA-TLX can be very useful in estimating work-
load during auditory feedback testing. It is well-known and widely

accepted, enabling researchers to make quantitative comparisons
between different conditions.

2.5.5 Dual-task interference
Dual-task interference refers to studies where performance is mea-
sured on another (non-auditory) task in the presence of auditory
feedback.When users engage in dual-task scenarios, it might lead to
interference due to limited attentional resources. The cognitive load
associated with processing and interpreting the auditory cues can
compete with the cognitive resources needed for the primary tasks.
As confirmed by Nees and Liebman [75], there indeed is parity
among auditory feedback for workload and dual-task interference.

One example of such dual-task interference is the study by Gable
et al. [37]. Participants performed a search task accompanied by
sound through a list of 150 songs on a cell phone while perform-
ing lane change tasks in a driving simulator. For data analysis,
eye-tracking data, driving performance, cognitive workload, user
preferences, time to find a song, and errors made were collected.

Dual-task interference studies are specifically interesting for our
current study, as we try to evaluate the impact of auditory feedback
during scan processes. Although sounds should still be aesthetically
pleasing, more focus is going towards how sounds might help users
during their primary task. In our case, we could collect different
kinds of data too, like completion time, accuracy, and subjective
ratings, to estimate how such auditory feedback influences the
primary task of scanning equipment items.

2.6 Audio for Mobile Warehouse Management
Systems

A WMS is an important aspect of a supply chain network as it
aims to control the movement and storage of materials within
a warehouse and process the associated transactions, including
shipping, receiving, put-away, and picking. It is the interface used
to manage processes, people, and equipment on the operational
level [56, 84]. Both efficiency and effectiveness are crucial factors
for WMSs, as companies always strive for minimizing warehousing
costs and increasing throughput rates [84].

WMSs often use Auto ID Data Capture (AIDC) technology such
as barcode scanners, mobile computers, wireless LANs, and RFID to
efficiently monitor the flow of products [84]. Within a warehouse,
pickers receive instructions from a warehouse or project manager
and pack projects with materials equipped with barcodes or RFID
tags. These pickers usually have mobile devices with integrated
scanners to process the packed items with their barcode or RFID
tag, see figure 7. Auditory feedback in the form of beeps are used
to confirm a scan is performed, while other auditory feedback is
not frequently used. As soon as a barcode or RFID tag is read, the
material is packed and processed.

Nowwe have a thorough understanding about auditory feedback
with its pitfalls and potentials, we are able to focus on how it
might aid WMSs with their current challenges. In next sections,
we will shortly touch upon understanding the barcode and RFID
technologies, and address why research about auditory feedback
for WMSs is crucial.

2.6.1 Pick-by-scan technology
Warehouses utilize a wide range of technologies, with ongoing
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development and advancements in this field. In the context of the
order-picking process, a plethora of solutions have emerged. The
conventional approach involved pick-by-paper, where a list on
a sheet of paper was used to manually mark checkboxes. More
recently, new technologies have introduced alternative methods.
Pick-by-voice and pick-by-vision use voice commands and head-
mounted displays respectively to navigate users through the ware-
house and improve the order-picking efficiency [11, 58, 82]. Nev-
ertheless, most order-picking processes nowadays rely on AIDC
in the form of barcodes and RFID, making pick-by-scan one of the
preferred order-picking methods [25, 95].

Auto ID Data Capture - Barcodes
The traditional AIDC technology is barcode technology, consisting
of a series of bars and spaces arranged regularly effectively repre-
senting a distinct value [53]. A scanner emits a beam of light that
reads the barcode by detecting the contrasting bars and spaces. As
soon as the barcode is read, the scanner plays auditory feedback (a
beep) to confirm it has read the barcode. By utilizing the scanner
in combination with the WMS’s application, the barcode read can
be connected to the material, enabling swift identification of the
scanned item [53, 56, 95]. For order-picking, this means that after
the beep the material is packed and processed.

Barcode scanning offers an immense advancement made over
normal text labels because the staff no longer has to manually enter
data into the system, avoiding human errors [53, 95]. However,
barcode scanning is still a meticulous task requiring pickers to be
near items while focusing their scanning device on the barcode [38].

Auto ID Data Capture - RFID
Radio Frequency Identification (RFID) is a newer material iden-
tification technology compared to barcodes. RFID transmits the
identity of a material, in the form of a unique identification number,
using electromagnetic fields. RFID consists of three major compo-
nents: the application which commands an instruction to the reader
to start scanning and look for tags, the optical character reader
(transceiver) which transmits the instruction through an antenna
to and from the transceiver, and tags which are located at the mate-
rials that are required to be identified [25, 95]. Like barcodes, the
identification number is connected to a material in the WMS data-
base. Once the reader captures the unique identification number
from the tag, a beep is played to confirm something is scanned, and
the identification number is transmitted to the application for final
processing [95]. Figure 6 summarizes this process and explains the
data flow from the application to the tag and back. Figure 7 shows
the RFID gun, having both the device running the application and
the transceiver.

RFID tags are mainly defined into active, passive, and semi-
passive tags. Passive tags play a vital role in WMSs because of
their small size, low power consumption, low cost, robustness, and
little interference [95]. Passive tags do not require a power source,
as the energy is transferred from the reader to the tag. Semi-passive
and active tags require built-in batteries, are larger in size, and are
more difficult to handle [30]. This study assumes passive tags are
used as we focus on the warehousing domain. See figure 8 for a
RFID tag.

Figure 6: The components of RFID system, by Tejesh and
Neeraja [95].

(a) Top view. (b) Side view.

Figure 7: The RFID gun, having both the application and
transceiver. It can also scan barcodes.

Figure 8: A passive RFID tag.

RFID is a simple technique for indoor localization, where GPS
and other (satellite) technologies lack precision or fail entirely. It
outperforms many technologies based on accuracy, processing time,
hardware architecture, and cost development [25]. Bluetooth for
example, limits itself to a maximum confined number of 7 slaves,
and cost increase if more range is required [95]. Ultrasonic systems
serve as alternative, calculating the distance of an object by using
echoes. However, the cost of implementation is very high, the
system may cause health effects, and both the transmitter and
receiver must have a line of sight [95].

RFID could be seen as a replacement for barcode technology.
Although the barcode technology is low-priced, compact, and has
low power consumption, it still needs a direct line of sight and
is susceptible to light sources. RFID tags have more data capacity
storage and are not dependent on undamaged labels. On top of that,
multiple RFID tags can be scanned at once, while barcodes can only
be scanned consecutively [95].

2.6.2 General challenges in the warehouse
Several challenges exist in current warehouses. Firstly, minimizing
warehousing costs is an ongoing process in today’s highly competi-
tive global business environment [84]. Despite the initial investment
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required, AIDC systems, particularly RFID, offer significant benefits
by minimizing warehouse time and enhancing overall efficiency,
eventually reducing costs [95].

Secondly, warehouse managers have to deal with labor shortages
as the work is physically demanding, repetitive, and the working
environment is austere and stressful. To attract and retain qualified
employees is a major problem, resulting in more training expenses
and operations slowing down. Besides, the workforce is aging,
showing that the new generation is not yet willing to join the
warehousing industry [46]. Annual estimates indicate that between
20% and 75% of all warehouse workers will leave their job within
one year of the hire date, and the cost of replacing each employee
is estimated to be in the thousands of dollars [7]. Not monetary
incentives, but job security, company size, and experience turned
out to be important factors to increase job satisfaction and reduce
employee turnover [72]. Technology can be used to increase job
satisfaction and reduce turnover [68]. It is also claimed by Jacobs
[57] and Generix Group [46] that technology in the form of mobile
WMSs could be introduced to reduce turnover. MobileWMSs should
include intuitive, functional, enjoyable, and easy-to-use interfaces.
Proven to be efficient and immersive, improved auditory feedback
for WMSs, AIDC in specific, should be considered to solve labor
shortages [61].

Thirdly, the effectiveness that many technological innovations
offer for performance gains has rarely been scientifically evaluated
for warehousing solutions [11]. Despite the recognized importance
of RFID in the knowledge-based economy, its research applications
in warehousing operations have been relatively scarce compared
to domains such as retail, healthcare, and logistics [66]. Publica-
tions on RFID in warehousing have primarily focused on RFID
case-based reasoning for managing different warehouse operations,
investment in improving inventory accuracy, RFID adoption chal-
lenges, implementation issues, and cost-benefit evaluations [66].
Notably, these studies have predominantly emphasized the "identifi-
cation" aspect, while research encompassing the full usability scope
of RFID, including efficiency, effectiveness, and user satisfaction,
has been limited [66]. However, especially with the labor shortages
in mind, getting a thorough understanding of the usability of RFID,
or AIDC technologies in general, is important to make sure job
satisfaction stays on a satisfactory level.

2.6.3 Auditory feedback challenge for AIDC in the
warehouse
There is a notable absence of publications investigating the im-
pact of nonspeech auditory feedback in the pick-by-scan process
using AIDC technologies. In the current practice, users heavily
rely on the familiar beep sound as confirmation of a scan, with-
out receiving additional information. While research has shown
that immediate feedback, such as auditory icons or earcons, can
enhance performance and reduce errors in warehouse settings,
only a few studies have explored auditory feedback during scan
processes [11]. For example, a study by Beckham et al. [9] exam-
ined the effects of combining different feedback modes (auditory,
auditory-visual, auditory-tactile, and auditory-visual-tactile) on op-
erator performance during scan tasks on a handheld device. The

results indicated that while the combination of auditory-visual-
tactile feedback produced the fastest task completion time, there
was no significant improvement in operator performance across all
conditions.

The importance of improved auditory feedback is evident in
other domains as well. In the healthcare sector, bedside barcode
scanning systems rely on auditory beeps for medication verifica-
tion. However, the use of identical beeps for correct and incorrect
scans can lead to confusion among nurses, who may mistakenly as-
sume that the correct medication has been scanned [26]. The retail
domain showed that auditory confirmation with a beep enhanced
trust, reduced cognitive load, and positively impacted customer sat-
isfaction [86]. Drawing from these findings, the application of more
comprehensive auditory feedback, beyond a simple beep, during the
pick-by-scan process in the warehouse domain could potentially
improve usability.

Furthermore, the challenge of providing effective auditory feed-
back during scan processes becomes even more apparent in the
context of RFID scanning on handheld devices. The current practice
typically involves playing a beep for each received tag or unique
tag, resulting in repetitive sounds when multiple tags are scanned
simultaneously (see video here). Moreover, the nature of RFID scan-
ning, which involves moving the device around to capture signals
from different angles, limits the continuous availability of visual
feedback. A study in the retail domain by Lee et al. [65] revealed
that participants heavily relied on auditory feedback (beeps) during
an RFID-based location tracking task, using visual feedback only as
a secondary cue to confirm the accuracy of the auditory feedback.
Participants reported difficulties in continuously monitoring the
visual display due to item height and therefore difficult visibility an-
gles. The study also highlighted the irritation caused by the fast and
repetitive beeping sound, which disrupts the shopping experience
of customers. Suggestions to address these issues included provid-
ing easy access to mute or volume control, using headsets, and
incorporating varying tones or sounds to convey gradual changes
in the signal.

We can conclude that there is a limited scientific evaluation
of new technological innovations in the warehousing domain, a
scarcity of AIDC (specifically RFID) research focusing on usability,
and a lack of research on enhanced auditory feedback in pick-by-
scan processes. Considering these factors, additional research about
the inclusion of more informative auditory feedback in AIDC tech-
nologies during the pick-by-scan process to enhance usability is
helpful, eventually possibly aiding with general warehouse chal-
lenges like labor shortages and improved efficiency.

2.7 Conclusion
In conclusion, audio has emerged as a valuable tool for conveying
information, improving user experience, and increasing accessibil-
ity across different digital applications. Audio can be implemented
to alleviate the heavily used visual channel, contribute to effective
and efficient multimodal interaction, and widen the user range by
using alternate communication channels. The existing, but limited,
guidelines should be administered to reduce the negative impact of
annoyance and optimally benefit from the potential audio has to
offer in UIs.
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Research makes a generic distinction between two types of audi-
tory feedback: auditory icons and earcons. Earcons have proven to
be effective in conveying information and are able to reduce cogni-
tive load. Auditory icons, on the other hand, have great learnability.
Although studies have shown that auditory icons evoke better reac-
tion time and better learnability compared to conventional sounds,
it should be emphasized that user preference is an important factor
to consider too. In most situations, auditory icons and auditory
feedback in general should be aesthetically pleasing to positively
impact UX.

The perception of auditory icons and earcons as rival concepts
is shifting among researchers. It is now increasingly recognized
that they should be viewed as complementary elements of sound
design. By integrating both concepts effectively, designers can cre-
ate optimal sound designs that cater to the specific needs of their
applications. Many different methods exist to evaluate the impact
of these sounds. Most researches focus on factors like accuracy,
reaction time, subjective rating, workload, and dual-task interfer-
ence. These evaluation methods serve as an inspiration and help us
structure our methodology.

In modern warehouses, AIDC in the form of barcode and RFID
scanning is used. Although the two are widely accepted and used,
the latter is rarely covered in contemporary warehouse domain-
related research publications. Additionally, auditory feedback for
both barcode and RFID scanning is still relatively untouched. Cur-
rent applications mostly rely on a confirmatory beep after a scan is
performed, which is even found to be annoying in the RFID case.
The motion involved in RFID scanning with handheld devices lim-
its continuous visual feedback and is an example highlighting the
need for alternative auditory feedback. Little research is done to
investigate how elaborate auditory feedback might help during
AIDC warehouse processes to increase usability, despite evidence
showing that immediate feedback improves performance and re-
duces errors in warehouse settings. Lessons learned from other
domains, such as retail and healthcare, indicate the potential bene-
fits of auditory confirmation and the importance of customizable
and non-intrusive auditory feedback.

Hence, this research endeavors to investigate the usability of
auditory feedback in AIDC technologies specifically within the
warehouse domain. If an enhanced auditory profile in an applica-
tion turns out to increase usability, this might positively impact
efficiency, effectiveness, and user satisfaction in warehouses. This,
in turn, might contribute to cost reduction and reduced employee
turnover. The results could be generalized if enhanced auditory
feedback during scan processes is shown to increase usability. By
improving the auditory feedback during scan processes, users in
domains such as healthcare and retail may also derive benefits from
this approach, like error reduction or trust increase.

3 Methodology
The purpose of this study was to evaluate auditory feedback in the
pick-by-scan process of a warehouse while using aWMS. It aimed to
assess the usability of handheld devices for both barcode and RFID
scanning by analyzing the impact of enhanced auditory feedback.
More specifically, it made an effort to answer the following research
question:

Research question: How does enhanced auditory feedback
impact the usability of equipment scanning on mobile

devices in Warehouse Management Systems?

A mixed-methods research approach was employed, combining
qualitative data about users’ opinions and perceptions, and quanti-
tative data about users’ performance to provide a comprehensive
understanding of the impact of auditory feedback on usability in
WMSs.

The study was divided into three consecutive steps and provided
answers to seven sub-questions in total. The three-step structure
was designed as the results of the first study influenced the con-
tent of the second study, which, in turn, influenced the content
of the third study. The three studies were divided into an explo-
ration phase, a verification phase, and a validation phase. Study 1
determined which actions during pick-by-scan would require audi-
tory feedback and what kind of auditory feedback was expected.
Study 2 verified the sounds created for these actions from study
1 to check whether the sounds themselves did not negatively im-
pact the experiment. Lastly, study 3 was an experiment that tested
the usability of auditory feedback by researching the effectiveness,
efficiency, perceived workload, annoyance, and subjective rating
with four different conditions. All three studies were preceded by a
pilot study. The remainder of this chapter discusses the studies one
by one, including motivations, participant recruitment, materials,
procedures, and data analysis. The chapter closes with a short note
on Rentman, the company aiding this research by providing the re-
quired resources like participants and the mobile application. That
information is useful for the common ground before we dive into
the results of chapter 4.

3.1 Study 1 - Exploration
The primary objective of the first study was to determine the appro-
priate way in which enhanced auditory feedback should support
scan processes on mobile devices in WMSs compared to the current
situation. The following sub-question was addressed:

SQ1: In what way should enhanced auditory feedback support
different actions of the scan processes on mobile devices in Warehouse

Management Systems compared to the current situation?

3.1.1 Motivation
To answer this sub-question, a qualitative research approach using
semi-structured interviews was employed. The study specifically
focused on understanding the key characteristics and requirements
of auditory feedback during barcode and RFID scan processes on
mobile devices. User preferences were taken into account for the
different scan processes. The results informed the design and imple-
mentation of enhanced auditory feedback systems that effectively
support the scan processes and hopefully enhance the overall us-
ability of WMS on mobile devices.

Semi-structured interviews were chosen as a research method, as
they allowed an in-depth understanding of participants’ experiences
with technology and their hopes for future technology [12]. They
were chosen over focus groups and surveys, as they bring more
nuances and allow participants to elaborate on their thoughts more
compared to the other two methods. On top of that, surveys would
have limited flexibility and creativity when answering a question,
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while this was deemed important during this phase of the research.
Participants should feel free to mention any ideas or opinions they
have.

3.1.2 Participants
Participants for the study were selected using purposive sampling
to ensure representation from individuals with relevant experience
and expertise in warehousemanagement andmobile device usage in
a WMS context. It was acknowledged that bias could occur depend-
ing on the participants recruited. A sample from Rentman’s user
population was chosen and carefully recruited via their network.
In total, 7 participants (100% male) were recruited in 5 interviews,
differing in roles from warehouse manager to order picker. Most
participants were Dutch.

3.1.3 Materials
The interview guide consisted of open-ended questions designed
to gather insights into participants’ preferences regarding auditory
feedback during the scan processes of order picking on mobile scan
devices in Warehouse Management Systems (WMS). The focus was
to explore specific aspects of auditory feedback, including types of
sound preferred, timing and frequency of the sound, and perceived
benefits and challenges associated with auditory feedback in the
WMS context. The interview guide is in Appendix A.

Participants were requested to have a Zebra barcode and RFID
scanner equipped with the Rentman mobile application with them
to aid them in understanding and discussing the specific scan pro-
cesses during the interview. The interviews were conducted online
via Microsoft Teams. Audio was recorded to ensure accurate capture
of participants’ responses. The audio recordings were transcribed
verbatim, preserving the participants’ spoken language for subse-
quent analysis.

3.1.4 Procedure
Before the start of the interview, the informed consent was shared.
The online interviews were conducted in a quiet and comfortable
environment, allowing participants to freely express their opinions
and experiences. It was scheduled for approximately 30 minutes.

The interview started with a short introduction to highlight the
aim of this research and put the participant at ease. The audio
recording was then started. Next, the interview guide from Appen-
dix A was used. The interview guide served as a flexible framework,
guiding the conversation while also allowing for the exploration
of emerging themes. It started with some general questions, fol-
lowed by questions about the current auditory feedback, and ended
with questions regarding enhanced auditory feedback. After the
questions were asked, the interviewee was free to ask any remain-
ing questions or highlight previous statements made. Finally, the
interviewer concluded the interview by giving a brief summary.

3.1.5 Data analysis
The recordings of the interviews were transcribed with the help of
OpenAI’s Whisper AI1, and were analyzed using Nvivo. Thematic
analysis was used, as it entails searching across a data set to identify,
analyze, and report repeated patterns in a flexible manner. As the
study was looking for patterns and shared experiences, thematic
analysis was considered the most suitable. It echoes the steps of

1Code can be found here, and is a slightly altered version from Dwarkesh Patel.

the Grounded Theory method, as that also relies on coding and
searching data sets for themes as part of its process. However, the
goal of this study was to understand more than just the description
and categorization, without developing a theory, which is the main
idea behind the grounded theory method [60].

The six steps of thematic analysis were followed, as introduced
by Braun and Clarke [16] and described in Kiger and Varpio [60].
First, we familiarized ourselves with the data, after which we induc-
tively generated initial codings. Next, themes were searched. These
themes were derived from the coded data by analyzing, combining,
and comparing codes. The themes identified were closely linked
to the original data. After this step, the themes were reviewed.
Coded data in each theme was reviewed to verify relevance. The
individual themes were also reviewed in relation to the entire data
set to verify their fit. Defining and naming themes followed. It
included answering the question of why a theme was important
for the current sub-question that needed to be answered. The final
step involved writing up the final analysis and description of the
findings. These findings told us about current issues with barcode
/ QR code and RFID scanning in the warehouse process and in
what way enhanced auditory feedback should support these scan
processes to improve usability. From the final results of this study,
we were able to conclude which actions to apply auditory feedback
to and how the feedback should support the user. With the help of
Apple’s Garageband, three sound sets were created to verify during
the second study. More information on that in Chapter 6.

3.2 Study 2 - Verification
The primary objective of this study was to investigate how users
perceive and interpret the enhanced auditory feedback created after
processing the feedback from the first study. In total, three different
sound sets were created, each with eight different sounds mapping
to eight actions in the Rentman mobile app. Both the sound sets in
general and the individual sounds had to be evaluated to ensure
the auditory feedback was useful, aesthetically pleasing, and well-
distinguishable. The following sub-question was addressed:
SQ2: How do users perceive and interpret the newly created enhanced
auditory feedback during the different scan processes of a Warehouse

Management System?

3.2.1 Motivation
To answer this sub-question, a qualitative contextual inquirymethod
was used, consisting of an observational think-aloud with a semi-
structured interview. This study specifically focused on verifying
and evaluating the three sound sets that resulted from study 1, fol-
lowing a similar structure as Absar and Guastavino [2] mentioned
in section 2.5.3. However, different from that study, the sound de-
sign was done by the researcher himself. It was important to know
whether the newly created feedback was perceived and interpreted
well, to ensure it would not negatively impact the results of the
third study. The study’s findings provided valuable insights into the
translation process from the initial interviews to the actual auditory
feedback and verified that the auditory feedback reflected what the
participants had in mind during the first study.

Contextual inquiry refers to any approach that involves inter-
leaving observations and interviews within the work setting [12].
Contextual inquiry is especially well-suited for understanding users’
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interactions with complex systems and in-depth processes, as well
as the point of view of expert users [91]. It is an ethnographic study
but also involves interleaving observation with focused, situated
interview questions concerning the current action and the role of
the technology during that action [12]. One of the grounding princi-
ples includes partnership, meaning that the user and researcher are
partners in the process of understanding the work. Both participant
and researcher have the freedom to guide the conversation toward
the relevant topics and considerations [91].

Using a think-aloud as an observational method allowed us
to focus on the interaction with an interface and to identify the
strengths and limitations of that interface. Think-aloud provides
an understanding of why users perform certain actions and what
their attitude is during these actions [12]. Think-aloud provides
rich real-time insights, as participants verbalize their thoughts and
interpretations during prototype interaction. As it was part of a con-
textual inquiry, the researcher was allowed to interrupt the process
and ask questions. Semi-structured interviews complemented the
think-aloud by providing an opportunity to explore participants’
perceptions and interpretations in a more structured and focused
manner, both during and after the think-aloud. This allowed partic-
ipants to highlight and explain actions they had or emotions they
felt in retrospect. It gave a more nuanced insight and could clarify
any uncertainties during the think-aloud process. On top of that,
the semi-structured interview allowed us to evaluate and compare
the individual sounds of the three different sets.

Other methods were considered too but were evaluated as less
suitable. Guerilla testing could be useful to estimate the aesthetics
of the sounds. However, as sounds are perceived differently de-
pending on the context, it was important to test the sounds in the
right context with the right users reflecting the population [24]. A
diary study could have been used to evaluate the experiences of
participants for a longer period [12]. Long-term experience can be
important, as the users might hear the auditory feedback frequently,
leading to e.g. annoyance or frustration. This could not be properly
evaluated during the contextual inquiry. However, longitudinal
studies bring difficulties like participant recruitment and ongoing
motivation [12]. Besides, we were mostly interested in verifying
whether we had understood the feedback of the first study and
translated that correctly to the auditory feedback. This could be
done with contextual inquiry, without spending too much time and
burdening the participant unnecessarily. Lastly, surveys were con-
sidered but not used as it was expected that non-musically trained
participants would find it difficult to reflect on audio. Having a
more open-ended and free form of data gathering allowed us to
create more valuable insights.

3.2.2 Participants
In total, 9 participants were recruited, ranging between 21-54 years
of age (M = 30.0, SD = 11.0) and partially overlapping with the par-
ticipants from the first study. New participants were also recruited
via Rentman’s network and were Rentman users. All participants
were male with job titles like Owner, Warehouse Manager, Order
Picker, and Operations Manager.

3.2.3 Materials
The contextual inquiry consisted of a 4-step protocol, with both

questions for during the think-aloud and semi-structured interview,
which can be seen in Appendix B. The questions of the think-
aloud method were focused on understanding the user and asking
for clarification about certain actions. They served as help when
the participant fell silent. The questions of the semi-structured
interview focused more on the actual interpretation and perception
of the sounds if they did not mention that during the think-aloud
already.

A Zebra barcode and RFID scanner equipped with the Rentman
mobile app with three different sound sets of enhanced auditory
feedback were used during the contextual inquiry. A separate app
build had to be made and sound design was done by the researcher.
The scanner was used to perform predefined tasks for every sound
set. 30 items differing in weight and size equipped with a barcode
and RFID tag were used. A smartphone was used to record audio,
and a laptop was used to set up tasks for the app.

3.2.4 Procedure
Before data collection, participants were reminded about their al-
ready signed informed consent and their rights. They could discon-
tinue the study at any time. New participants had to sign a new
informed consent. The study was scheduled for approximately 45
minutes.

The contextual inquiry was performed in the user’s working
environment. The study was conducted in a warehouse, where
background noises were present to come as close to the actual
context. The 30 items were placed in a small area (approximately
2m2) in this warehouse, which the user then needed to scan to
process.

The 4-part session structure by Salazar [91] was followed. Part 1
was called the primer, and focused on easing the participant into
the session. The researcher introduced himself, indicated what he
would like to achieve, and discussed confidentiality. Hereafter, the
transition started, which was phase 2. An explicit transition into the
contextual interview was made by explaining what would happen
during the rest of the session. The researcher let the participant
know he would interrupt him to ask questions, but that the partici-
pant could communicate when not to interrupt. Participants were
instructed to verbalize their thoughts and perceptions as they inter-
acted with the scan processes accompanied by enhanced auditory
feedback.

Phase 3 was the actual contextual think-aloud, where the user
performed two tasks per sound set (6 tasks in total). The audio
recording was now started. Task 1 was QR code scanning, task 2
was RFID scanning. The tasks were in broad terms the same, as they
all processed 30 equipment items from one status to the other status
by scanning the items. During each task, the participant thought
aloud and commented on the process, while the researcher took
notes and interrupted when he wanted more elaborate feedback.
The participant instantly gave feedback on the sound he heard.
After both tasks had been performed, the sound set was shortly
evaluated.

After the first sound set was evaluated, the same steps were
followed for the second and third sound sets. The order of the
sound sets was randomized. After all tasks with all sound sets had
been performed, the study transferred to phase 4, the wrap-up.
The three different sound sets were compared with each other in a
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semi-structured interview, and individual sounds for certain actions
could be compared. They delved deeper into what made certain
sounds better than others and compiled a preferred sound set based
on all sounds.

3.2.5 Data analysis
The recordings of the think-aloud and semi-structured interviews
were transcribed with the same Whisper AI code from study 1, and
analyzed using Nvivo. Unlike the emergent coding strategy of the
first study, this study used a priori coding where codes were deduc-
tively generated. As this study was about evaluating the new en-
hanced auditory feedback of the different actions, the code structure
could relatively easily be generated. A division was made between
General feedback, QR code sounds, RFID sounds, and Error/Pop-up
sounds for every sound set. Every individual sound had a node with
positive, negative, and chosen in the final set to get an indication of
the popularity of the specific sound. Figure 9 shows the branches
and node structure. The general feedback branch was expanded
with emergent coding depending on the feedback given during the
study. Perhaps new actions that could use auditory feedback or
general usability issues were mentioned.

Figure 9: A priori code structure used to evaluate the inter-
pretation and perception of the auditory feedback.

The results of this study provided valuable insights into how
users perceived and interpreted the new auditory feedback used in
scan processes in a warehouse. For the third study, a final sound set
was picked, consisting of a combination of the individual sounds
from the three sound sets. Choices for the final sounds were based

on the number of favorite picks by participants and positive and
negative comments. If a sound was chosen frequently as the final
sound, it should be a good indicator of its success. Besides, many
positive or negative comments indicate a much-discussed sound
and were therefore important indicators. As also happened during
a study by Brewster et al. [21], a final redesign of the sounds was
performed based on the feedback of this study. Those redesign
choices can be found in chapter 7. The findings contributed to the
design and improvement of auditory feedback in WMS, ultimately
enhancing its usability. With the feedback gathered during this
study, we were able to make adjustments that benefit usability and
aesthetics. After the findings were processed, the last study could
begin with the finalized sounds in one ultimate sound set.

3.3 Experiment 3 - Validation
The primary objective of this study was to investigate the impact
of enhanced auditory feedback on the usability of the pick-by-scan
process of a WMS. It compared the conventional feedback, consist-
ing solely of beeps, with the newly designed enhanced auditory
feedback in four different conditions: 1) BC - barcode scanning
with conventional sounds, 2) BA - barcode scanning with enhanced
auditory feedback, 3) RC - RFID scanning with conventional sounds,
and 4) RA - RFID scanning with enhanced auditory feedback. The
following sub-questions were answered:
SQ3: How do conventional sounds and enhanced auditory feedback
affect usability in terms of efficiency during the scan process in a

Warehouse Management System?

H0: 𝜇𝐵𝐶 = 𝜇𝐵𝐴 = 𝜇𝑅𝐶 = 𝜇𝑅𝐴

H1: The means are not all equal

SQ4: How do conventional sounds and enhanced auditory feedback
affect usability in terms of effectiveness during the scan process in a

Warehouse Management System?

H0: 𝜇𝐵𝐶 = 𝜇𝐵𝐴 = 𝜇𝑅𝐶 = 𝜇𝑅𝐴

H1: The means are not all equal

SQ5: How do conventional sounds and enhanced auditory feedback
affect usability in terms of cognitive workload during the scan

process in a Warehouse Management System?

H0: 𝜇𝐵𝐶 = 𝜇𝐵𝐴 = 𝜇𝑅𝐶 = 𝜇𝑅𝐴

H1: The means are not all equal

SQ6: How do conventional sounds and enhanced auditory feedback
affect usability in terms of annoyance during the scan process in a

Warehouse Management System?

H0: 𝜇𝐵𝐶 = 𝜇𝐵𝐴 = 𝜇𝑅𝐶 = 𝜇𝑅𝐴

H1: The means are not all equal

SQ7: How do conventional sounds and enhanced auditory feedback
affect the usability in terms of subjective rating of the scan process in

a Warehouse Management System?

H0: 𝜇𝐵𝐶 = 𝜇𝐵𝐴 = 𝜇𝑅𝐶 = 𝜇𝑅𝐴

H1: The means are not all equal
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3.3.1 Motivation
To answer these sub-questions, a quantitative experimental research
approach was employed. As four conditions were tested, a within-
subject design was used to limit the required number of participants
to detect statistically significant differences. On top of that, a within-
subject study has more statistical power with fewer participants
compared to between-subject studies. However, fatigue and learn-
ing effects are important factors for within-subject designs that had
to be taken into account [22]. The experiment was a 2x2 factorial
design, with scan type and sound design as independent variables,
as can be seen in table 1. The five dependent variables were 1) task
completion time, 2) number of errors made during the scanning
task, 3) perceived workload, 4) annoyance, and 5) subjective rating.

Table 1: Factorial design set-up for experiment 3

Conventional feedback Auditory feedback
Barcode scanning Dependent variable Dependent variable
RFID scanning Dependent variable Dependent variable

3.3.2 Participants
Participants for the experimentwere selected using a non-probability
convenience sampling procedure. Recruitment was done via Rent-
man and university. To have statistically reliable results with a
confidence level of 95%, n > 40 had to be recruited [23]. The sample
included 41 adults, of which 27 were male (66%) and 14 were female
(35%), with a mean age of 29.7 years (SD = 6.7). Most participants
were Rentman employees, 4 students participated.

3.3.3 Materials
As stated by Laubheimer [64], it was best to use standard question-
naires to demonstrate validity, reliability, and sensitivity. There-
fore, the NASA-RTLX survey was used to quantitatively measure
perceived workload. Like the study by Brewster and Crease [20],
annoyance was added to this questionnaire but was analyzed sepa-
rately. The slightly adjusted NASA-RTLX can be found in Appendix
C. For the subjective rating, the SUS survey was used, as this is an
industry-standard scale to determine usability. The questions used
for SUS can be found in Appendix D.

The experiment used the same 30 items with barcodes and RFID
tags as study 2. The Zebra scanner to scan these codes was the same
as in the previous two studies. To measure the time, a stopwatch
on a mobile phone was used. Errors made during the scan process
were noted on paper, while the researcher observed the participant.
The SUS questionnaire was filled in on the researcher’s computer,
while NASA-RTLX was offered on paper due to digital visualization
problems on a large scale. These questionnaires were not translated,
as the participants in this sample were fluent in English.

3.3.4 Procedure
The experiment was conducted in a quiet and comfortable envi-
ronment where participants could walk around to simulate the
pick-by-scan process. The experiment started with sharing and
signing the informed consent. Next, a detailed introduction was
given to explain the experiment’s purpose and procedures. Partici-
pants were given a brief overview of the WMS interface, scanning

tasks, and auditory feedback. They had an opportunity to familiar-
ize themselves with the scanning device by scanning both barcodes
and RFID tags. The actual study began as soon as the researcher
felt the participants understood the scanning device and the task
they needed to perform.

Participants underwent the scanning tasks in four different condi-
tions, which were counterbalanced tominimize fatigue and learning
effects. The four conditions tested were:

(1) Barcode scanning with Conventional feedback (BC)
(2) Barcode scanning with improved Auditory feedback (BA)
(3) RFID scanning with Conventional feedback (RC)
(4) RFID scanning with improved Auditory feedback (RA)

The researcher counted down and started the timer to begin the
task. The participant had to scan 30 equipment items as if they
were order pickers and move them from location A to location B.
Error messages were included to improve realism and test auditory
feedback for them. As soon as the participants thought they were
ready, they said "stop," after which the time was stopped and noted.
The time and errors made were noted, and the participant was asked
to fill in the SUS and NASA-RTLX questionnaires. These steps were
repeated for every condition.

After completing the four conditions, participants had the op-
portunity to ask questions, provide feedback, and briefly share their
experiences.

3.3.5 Data analysis
The four conditions used during the experiment all contained a
combination of two independent variables. For every dependent
variable, a Shapiro-Wilk test has been performed to decide the
distribution of the data. If the p-value was below .05, the data was
not normally distributed. If Levene’s test for equality of variances
had a p-value of < .05, there was no equal variance between the four
groups. If only one statistical assumption was not met, we decided
to use a parametric two-way repeated measures ANOVA. In case
both statistical assumptions were not met, two Wilcoxon signed
rank tests were used (one on each independent variable). With a
confidence level of 95%, we have used a p-value of .05 to determine
statistical significance.

Because the study included a 2x2 factorial design, there was
also a possibility for interaction effects. Interaction effects can be
foundwhen the effect of one independent variable on the dependent
variable depends on the other independent variable. The statistical
significance of the interaction effects was decided with the same
two-way repeated measures ANOVA and also included checking
the visualizations. Because there were only two conditions for each
independent variable, no post-hoc tests had to be performed.

The results of the significance tests were analyzed and reported
clearly and concisely, including any significant main effects and
interaction effects. They provided insights into the impact of audi-
tory feedback on the efficiency, effectiveness, cognitive workload,
annoyance, and subjective rating in WMSs. These results are the
final results we needed to answer the main research question.

3.4 Rentman
Rentman is the company aiding this research. Their resources, like
hardware, software, and developers, are used during this research.
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Rentman is a SaaS company built for the rental-based events and
media production industry and has a WMS solution for its users.
Order pickers use Rentman’s mobile application to process their
projects both on-site at the customer and in the warehouse. It is
important to get to know the workflow of the order pickers to better
understand the scope of our research.

The standard workflow starts by a customer who confirms a
rental project. A day before the start of the project, or on the day
itself, the project is packed by an order picker. An order picker
walks around the warehouse with a mobile scanner to pack equip-
ment items scheduled on that project. When the order picker ar-
rives at an equipment item, either a barcode/QR code2 on the
shelve/equipment item itself or an RFID tag is scanned with the
scanner. Once all equipment items have been placed in the holding
area of the warehouse, the project status goes from confirmed to
packed. When the project must be loaded for transport, an addi-
tional check with RFID is performed so the order picker is sure all
equipment items will be on location. After the festivity is over, the
equipment items are picked up and transported back to the ware-
house. Back in the warehouse, the equipment items are processed
again by scanning with RFID or barcodes. Any lost equipment items
or defects are noted and processed accordingly.

Some adaptations to this workflow exist. Some users manually
count equipment items and performRFID scanning afterward, while
some integrate RFID scanning immediately during the picking pro-
cess. Others rely on RFID scanning as an additional check, follow-
ing barcode scanning, before loading items in a truck for transport.
Some users try to RFID scan the entire project at once at the holding
area, while there is also a possibility to scan separate cases one by
one and load these to reduce errors.

4 Study 1: Exploration - Results
In this section, we present the most important results of our first
study. Transcripts can be found in the .zip folder, in the folder
"Study 1 - Data analysis". This section discusses in what way en-
hanced auditory feedback should support different actions of the
scan processes on mobile devices in WMSs compared to the current
situation and highlights the most important quotes to support these
findings. After the first five steps of thematic analysis had been
followed, the results were organized into three distinct thematic ar-
eas that emerged during our analysis. The first theme "Technology
Sentiment" delves into the intricate details of how warehouse per-
sonnel engage with the technology, particularly how they are using
both QR code and RFID technology. We examine the circumstances
under which QR code or RFID tag scanning methods are preferred,
as well as the prevailing attitudes toward RFID implementation in
warehouse settings to be able to gain an overview of how users use
the Rentman application.

Moving on to the second theme, "Satisfaction with Current Audi-
tory Feedback" we delve into the users’ general sentiment regarding
auditory feedback during current scanning activities. This theme
presents an overview of the significance of auditory feedback in
user interactions and the level of trust associated with these sounds.

2The words barcode and QR code are used interchangeably throughout this thesis, as
the technology works the same but some warehouses use barcodes, while others use
QR codes. They refer to the same concept.

Furthermore, we address frustration, confusion, and challenges
encountered by users, with a specific focus on evaluating the au-
ditory feedback provided during QR code and RFID tag scanning,
including the handling of error messages.

Finally, the theme "Potential Improvements" explores the scope
for enhancing the existing auditory feedback. Notably, we observe
that users are partially content with the current situation; neverthe-
less, their expectations for future improvements and new features
are also covered. Additionally, we discuss design recommendations
to further optimize the auditory feedback system. Remarkably, it
becomes evident that RFID-related auditory cues hold substantial
potential for improvement, while QR code scanning remains rela-
tively unaltered.

Table 2 at the end of this chapter summarizes the main feedback
discussed in a concise manner. The column priority is based on an
estimated combination of the number of occurrences, the expressed
urgency, feasibility, and the expected impact on usability.

4.1 Technology sentiment
All participants use QR codes on their equipment items to process
them within a project. They were happy with the QR code sys-
tem and did not have any major issues with how this technology
works. Most participants were not completely finished with their
transition to RFID, as its functionality is still relatively new to the
rental industry and the Rentman application. Participants use a
combination of QR codes and RFID technology right now and QR
codes will support the RFID technology in the future. Quote 4.1
discusses the current RFID state.

Quote 4.1
Participant 2: "We are currently heavily engaged in

RFID implementation; however, due to the busy season,
we have not yet managed to affix an RFID tag to

everything. [...] Nearly all devices are now equipped
with RFID, and I intend for my team to depart from a
festival in the near future with the assurance that we
have all our belongings with us, thanks to the RFID

labeling on everything.”

Although most of the participants have not finished their RFID
labeling entirely, they are confident that RFIDwill be of great help in
the near future. Some participants already experience fewer errors
in their packing processes or benefit from major time savings as
stated in quote 4.2.

Quote 4.2
Participant 4: "While order picking may take a bit

more time, we experience time savings when returning
equipment items to the warehouse. Typically, it takes
about 45 minutes to return a cable case. However, with
RFID you can quickly check if the case is complete as
you go along, allowing you to return it to the shelf
immediately. You can finish each crate in just fifteen

minutes. ”

Overall, participants expressed a predominantly positive senti-
ment toward the Rentman mobile application and its scan processes.
They appreciated the continuous development of the application,
which steadily improved its functionality. However, some users
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had a "love-hate" relationship with the application due to occa-
sional bugs, causing significant time loss. While the app covers
crucial processes, some key functionalities are absent, hindering
full warehouse process optimization.

The Rentman mobile application is mostly used in warehouses.
Participants indicated that there are plenty of noises in the ware-
house, with compressors running and other environmental noises
disturbing users during their work with the application. On top of
that, there are users with hearing disabilities due to the many ex-
posures to loud noises while working in the events industry. Lastly,
warehouse managers have pointed out not all individuals employed
as order pickers exhibit the highest level of expertise, highlighting
the importance of an easy-to-use and easy-to-learn application.

Concluding, both QR codes and RFID are currently used in the
warehouse processes. QR codes are considered reliable, while RFID
is still relatively new and offers room for improvement. Rentman’s
application enjoys sufficient usability, although there is still room
for improvement on some parts to fully optimize the different work-
flows. The application is used in noisy environments and should
be easy to use and easy to learn.

4.2 Satisfaction with current auditory feedback
First, the importance of auditory feedback in general in warehouses
is discussed, after which we will focus more on auditory feedback
for QR code and RFID scanning. Lastly, auditory feedback during
error handling will be discussed.

4.2.1 Importance of auditory feedback
Participant responses consistently underscored the essential nature
of auditory feedback within Rentman. Initially, Rentman did not
include auditory feedback during their QR code scanning, which
made the app unusable for some users due to the constant need for
visual verification of successful scans, see quotes 4.3 and 4.4.

Quote 4.3
Participant 2: "When we initially started using

Rentman, there was no sound included. After a week,
we immediately realized that it wasn’t effective. We
simply need to have sound, otherwise, you constantly
have to check your screen to see if something has been
scanned correctly. [...] Sounds are important. In fact,

they are truly very important.”

Quote 4.4
Participant 7: "If you hear something, there is no need

to look at it.”

Simplicity and clarity were identified as key attributes of effective
auditory feedback. Participants expressed a preference for straight-
forward sounds that offered immediate, unambiguous indications
of scan success or failure. Such sounds were deemed particularly
efficacious within the dynamic and often noisy warehouse environ-
ment. Sounds were deemed attention-grabbing, improving response
time to visual actions on the application. Although audio is very
important during the scan processes, visual feedback will always be
considered primary as it will actually tell the users what happened
and whether the equipment items have actually been processed
correctly. Participants said the auditory feedback is supplementary
to their visual system when working with Rentman.

A conflict arises when it comes to the trust in the auditory feed-
back. Multiple participants said they trusted the auditory feedback
from the Rentman application. However, it is not always considered
reliable. The system occasionally failed to accurately track scans,
particularly in the context of large projects with multiple subpro-
jects. The application might omit audio feedback after a series of
rapid QR code scans, leading to discrepancies in item counting
during order picking., see quote 4.5.

Quote 4.5
Participant 4: "I count along with the sounds in my

head. There was this case where I counted eight cables
(and sounds) in my head, the system said I scanned
nine, and I needed ten cables in total. These are three
different numbers, so I had to empty the shelf to start
counting again. I counted eight cables in total, while
the application said I processed nine, which was the

result of one sound not playing.”

Users trust the sounds in the Rentman application, but because
of before mentioned issues, they are not always able to fully rely
on auditory feedback, explaining their primary focus on the visual
system. Most participants have confidence in the audio feedback
during the warehouse processes but occasionally notice that the
audio feedback does not work properly, which can damage their
trust. On top of that, the malfunctioning of auditory feedback can
lead to additional and time-consuming steps in the warehouse,
leading to issues like frustration and confusion.

4.2.2 QR code scanning
The general sentiment about QR code scanningwas positive amongst
most participants. Currently, two sounds exist during QR code scan-
ning. One confirmation sound at 440Hz and one error sound at
300Hz, the latter will be discussed in more detail in a separate sec-
tion. The two sounds are one-element single-pitch earcons with a
duration of 100ms and 400ms respectively, and both have a triangu-
lar waveform. A reason participants like the sounds is because of the
clarity and ease of perception. The simplicity of these two sounds is
praised as can be seen in quote 4.6, highlighting the significance of
unambiguous auditory feedback. Most participants found the two
sounds distinct enough and easily distinguishable from background
noises. There was one participant for whom the error sound was
not intense enough to perceive through his earbuds. While the
ability to distinguish the two sounds and separate them from back-
ground noises was deemed crucial by most participants, opinions
regarding aesthetics were more varied. The majority appreciated
the sound for its functional utility, although one participant found
the high-pitched confirmation sound to be irritating, see quotes 4.6
and 4.7.

Quote 4.6
Participant 1: "The short confirmation like now is a

good, clear, and nice sound.”

Quote 4.7
Participant 5: "When I work alone during a quiet
morning, I hear the beep echoing through the
warehouse. [...] I would prefer a different sound,

something a bit friendlier and less shrill. It could use
some reduction in the high frequencies.”
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Due to the unambiguous auditory feedback, participants expe-
rienced very few confusions. Instances of confusion arose due to
a malfunctioning Rentman application. The absence or delay of
sound emerged as the most common source of confusion, indicat-
ing a negative user experience with the application. It disrupts
participants’ workflows, forcing them to look at the screen.

Although the auditory feedback during QR code scanning is
very limited, the derived information from this sound was deemed
crucial to perform order picking efficiently. For mobile handheld
scanners, counting the sounds when scanning multiple of the same
equipment item is important to keep track of the packed amount.
When scanning only a fewQR codes, the confirmation beep signifies
a successful scan, eliminating the need for users to consult the
screen for information, therefore increasing operational efficiency,
see quote 4.8.

Quote 4.8
Participant 7: "With QR code scanning, I aim for the
QR code and scan the equipment item. I hear a beep,
knowing I am done with scanning. I do not have to look

at my screen on my handheld scanner anymore,
because I heard the beep. In this case, the beep is very

important to us.”

4.2.3 RFID scanning
Currently, the RFID scanner beeps for every tag it reads. So even
when only one tag is present, the scanner will repetitively beep
as long as the RFID tag is in the proximity of the scanner and the
scanner is sending out signals. This beep, a one-element single-
pitch earcon, is the only auditory feedback during the RFID scan
process. The general sentiment about the auditory feedback of RFID
scanning was negative, mainly caused by the repetitive beeping of
the RFID scanner. Many participants mentioned the distractions
and confusion arising from the repetitive auditory feedback. Like in
quote 4.9, participants emphasized that when scanning numerous
items, the continuous beeping does not help at all and could lead
to sensory overload.

Quote 4.9
Participant 1: "When I am scanning with RFID, I do
not want to hear 500 beeps. Those beeps confuse me.”

Besides confusion, quotes 4.10 and 4.11 highlight that users are
not able to derive useful information from the beep. The scanner
emits a sound, indicating it is actively scanning the tags in the
environment. However, it does not convey substantial additional
information. Some participants even indicated they were annoyed
by the repetitive beeping, which indicates a bad user experience.

Quote 4.10
Participant 7: "The sound itself doesn’t offer any

functionality. Whether it emits a beep or remains silent
is inconsequential because I cannot derive any

information from it.”
Quote 4.11

Participant 1: "You brain cannot keep track of how
many scans he has done by listening to the beeps. So I

guess that makes the sound a bit redundant?”
Visual feedback is considered more important than auditory

feedback in this process because of above-mentioned reasons and

the nature of RFID scanning. With RFID, the user is less in control
about what is being scanned compared to QR code scanning. Users
need to verify the equipment items they have scanned, which is
done on a visual display. Participants mentioned they must com-
monly rely on the visual screen to verify the completion of scans,
suggesting that the auditory feedback played a secondary or even
irrelevant role in their workflows, like stated in quote 4.12.

Quote 4.12
Participant 7: "When I am scanning with RFID, I have
to look at my screen as I do not have any control on
what is actually being scanned. Auditory feedback is

therefore less important I think. ”

4.2.4 Error messages
Error messages in the Rentman mobile application occur in many
different scenarios. They can be roughly divided into two categories:
1) error messages where no direct action is possible, like an equip-
ment item not in stock, not active, or in repair, see figure 10; and 2)
error messages where direct action is possible, like scheduling an
additional equipment item on a project, see figure 11.

Figure 10: Error without direction action. The only option is
close.

Figure 11: Error with direct action possible. The error can
be immediately solved by booking an additional equipment
item or closing the pop-up.

All error messages in Rentman have the same sound. The results
of the study revealed a consistent preference among the partici-
pants for simple and clear auditory feedback of error messages.
Almost none of the participants expressed a desire for increased dif-
ferentiation in the sounds of error messages. The participants were
concerned that additional sound variations could lead to confusion
and decreased effectiveness in distinguishing between different
error states, as stated in quotes 4.13 and 4.14.

Quote 4.13
Participant 5: "There is currently a single error

message sound that draws my attention to the screen. It
would be enjoyable to instantly recognize the screen’s
content through the sound. However, in such a scenario,
you would encounter a multitude of distinct sounds,
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creating a cacophony. The purpose of the sound is to
capture your attention, a task it presently accomplishes
effectively and satisfactorily. Incorporating additional

variations in error sounds would not yield any
time-saving or efficiency-enhancing benefits.”

Quote 4.14
Participant 1: "I don’t desire additional sounds for

various error messages. I’m more old-school. An error is
simply an error, and one should strive to comprehend
the root cause. Clarity is paramount when it comes to
identifying errors. I’m skeptical about the potential
benefits of employing different samples for distinct

error messages.”
The participants shared the opinion that the auditory feedback of

an error message is solely meant to be attention-grabbing, see quote
4.15. The importance of maintaining a visual component for error
message resolution was emphasized. The power is in its simplicity,
as all users (even new ones) currently know how to differentiate
between the confirmation sound and the error sound, making the
application easy to work with.

Quote 4.15
Participant 1: "A mistake is a mistake; following an
error, it’s essential to focus on resolving it, typically by
reading the screen to discern the issue. Was the error
due to my own actions, a system glitch, or the account
manager’s input? It’s akin to honking a car’s horn – it
prompts you to cease your current activity and direct

your attention to the screen."
The sound was perceived as clear and easy to separate from

the confirmation sound by most of the participants, indicating no
change was required. It is perceived as loud, clear, and clunky. Only
one participant, working with earbuds, highlighted difficulties with
perceiving the lower-pitched error message sound.

Concluding, participants generally expressed satisfaction with
the current use of QR codes for equipment item processing. The
simplicity and clarity of the auditory feedback during both a confir-
mation scan and an error message were appreciated. Differentiating
error sounds for various error types was not considered necessary.
While auditory feedback played a crucial role in aiding users during
QR code scanning, its relevance was diminished during RFID scan-
ning. RFID scanning received mixed reviews. Participants found
the continuous beeping distracting, and the feedback was consid-
ered redundant as it did not provide additional information. Users
frequently had to rely on the visual screen for verification, making
auditory feedback less relevant in this context. It has become clear
that participants valued simplicity, clarity, and ease of perception in
auditory feedback within Rentman. These findings underscore the
importance of considering user preferences and practicality when
designing auditory feedback for Rentman.

4.3 Potential improvements
It is worth noting that participants found it challenging to articulate
detailed improvements in auditory feedback. They recognized the
potential for improvements but had difficulty specifying exactly
how these could be achieved. A common sentiment was that find-
ing the ideal auditory feedback for the Rentman application might

be a trial-and-error process. They recognized the importance of
auditory feedback but were cautious about introducing too many
sounds. They were concerned that an excess of auditory feedback
could lead to confusion or annoyance, making the application less
user-friendly. The participants’ hesitancy to propose specific im-
provements in auditory feedback during QR code scanning and
error messages indicates that the current auditory feedback is ef-
fective and meets their expectations. However, it also highlights
the challenge of fine-tuning auditory feedback in such a way that
it enhances user experience without introducing unnecessary com-
plexity or confusion. Quote 4.16 summarizes the sentiment.

Quote 4.16
Participant 1: "In the warehousing industry, people
generally prefer stability and minimal change, unless
there’s a need for correction. Here, individuals tend to
adopt a structured and consistent approach. When
operations are running smoothly, there’s no need for
alterations. Therefore, a brief confirmation sound,

similar to the current one, is appreciated for its clarity
and pleasantness. The error messages are also

straightforward. However, for certain elements like
RFID, there might be room for some variation. In such
cases, practicality should be a key consideration."

We will discuss the mentioned improvements for QR code scan-
ning, error messages, RFID scanning, and general improvements.

4.3.1 QR code & error message improvements
QR code scanning is expected not to change much. If QR and error
message sounds change, there should be a distinct difference be-
tween them. A participant also suggested reducing high frequencies
for a more pleasant QR code confirmation sound.

Another minor improvement could be added when scanning
multiple equipment items of the same product. It might be a good
idea to introduce additional auditory feedback once the last item of
that product is scanned, signaling the completion of packing that
equipment item. An example: six fridges have been scheduled on
a project. After you have scanned and processed the sixth fridge,
an additional sound could be played to indicate you have finished
packing the fridges.

A participant tentatively suggested that distinguishing auditory
feedback between error messages for which no direct action can
be taken and those for which direct action can be taken could be
beneficial. Nevertheless, it was also noted that you still need to
check your screen to precisely identify the type of error message
displayed, making such differentiation potentially unnecessary.

Lastly, the delay of auditory feedback was considered important.
Almost instant auditory feedback is expected, because waiting two
seconds on a sound after you see the light of the scanner turn off
will result in confusion.

4.3.2 RFID improvements
The participants’ feedback and suggestions regarding RFID can be
categorized into several key areas: starting sound, sound during
scanning, end sound, and sounds for new features.

Firstly, participants acknowledge the need for a start sound upon
entering the RFID module, serving as confirmation and signaling
the beginning of the RFID process. It would reassure users about the

26



Master’s Thesis Project ’24, January 19, 2024, Utrecht University

scanner’s functionality, especially when occasional double-clicking
was required for activation. The start sound should only play if the
scanner is working correctly, see quote 4.17.

Quote 4.17
Participant 5: "I would greatly appreciate it if the
startup sound would indeed play upon receiving
feedback from the reader confirming that it has

successfully scanned its first tag."

Participants found the repetitive beeping for every tag read dur-
ing scanning to be unnecessary and annoying. While some initially
expressed a desire to keep this auditory feedback to confirm ongo-
ing scanning, upon further consideration, they suggested improve-
ments. Most participants suggested that the scanner should emit
a sound only when it reads a new and unique tag. This change
would reduce the redundancy of auditory feedback and make the
scanning process less disruptive. Additionally, there was a sugges-
tion for a distinct sound when scanning an equipment item that is
not part of the project. This unique sound would alert users that
they are scanning an item that is not scheduled for the project,
helping to prevent errors and increase efficiency. However, only
one participant came up with this idea, indicating that it is not of
great importance. Besides, it is expected that additional confusion
will arise when more than one tone is used for reading equipment
item tags, negatively impacting usability.

The concept of an end sound was discussed as a means to signify
the completion of the scanning process. Participants acknowledged
that defining an appropriate end sound was more complex than
a start sound or sound during scanning. Several ideas were pro-
posed. Firstly, a cluster sound was suggested, indicating a group of
equipment items had been covered with a single sound, as stated
in quote 4.18. This would minimize repetitive beeping and create a
more fluid user experience.

Quote 4.18
Participant 4: "Utilize a single "prominent" sound, such
as a checkmark sound or something similar, to indicate
that you have successfully reserved multiple equipment
items simultaneously. [...] It should be more intense
than a normal QR code sound because you are

scanning more items to the next status."

Somewhat ironically, an end sound for participants can also
just be silence. Quote 4.19 explains the fact that if the scanner is
programmed to beep only for unique tags and it goes silent, users
would interpret this as an indicator that no new tags are being
detected. Silence could serve as a cue that the scanning process is
complete.

Quote 4.19
Participant 5: "The scanner remains silent for a
moment as it doesn’t detect anything new while I
continue to hold down the trigger. No more beeps?
Alright, I believe I’ve processed everything. I don’t

count along with all the beeps as I can’t keep up due to
the speed."

Participants cautioned against using a celebratory sound as an
end sound, as it might not necessarily mean that all expected items
have been scanned. Instead, it should convey the message that the

expected scanning process is done, but there could be additional
equipment items to scan. It happens regularly that more equipment
items are present in the holding area than those scheduled on the
project in the software.

Lastly, participants also provided suggestions for auditory feed-
back related to potential new features in RFID scanning, as this
functionality is still under continuous development. In scenarios
where equipment items are divided into different areas, such as
lighting and audio sections in a holding area, participants proposed
a feature that would allow users to scan specific areas selectively.
The application could then play a sound after scanning all items
in the selected area, improving organization and efficiency. An-
other mentioned feature was equipment item localization. RFID
technology has the potential to help locate lost equipment items.
Participants suggested a feature where users could enter the serial
number of an item and then scan while walking around the ware-
house. If the scanner detected proximity to the specified item, it
would emit beeping sounds or increase the frequency of beeps to
guide the user toward the equipment item, effectively functioning
as a locating tool.

4.3.3 Other improvements
Currently, after booking all equipment items from one location to
another location, there is a pop-up stating whether the user would
like to change the project status to the next one, see figure 12. This
pop-up is currently accompanied by the same auditory feedback
as the error messages. One participant mentioned the fact that
a separate sound for this pop-up could be a nice addition. It is a
heads-up for the user, but not really an error message so improved
sound design would make sense.

Figure 12: Project pop-up with direction action possible.

Participants preferred earcons over auditory icons, mostly they
found earcons to be better perceivable in the warehouse as com-
pressors are running and people are talking. The sound should
definitely not disappear in the background, so participants think
abstract sounds are easier to separate from other sounds. Further-
more, it was expected that earcons would be easier to perceive as
both positive and negative compared to auditory icons. This dis-
tinction is one of the most important parts of the sound design in
the application, therefore important to consider.
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Finally, opinions were divided about whether QR code scanning
and RFID scanning should have different scan sounds. One partici-
pant mentioned he wanted to have two different sounds because
he performs two different actions. He did not want to get con-
fused with his neighbor’s scanning who is using another scanning
method, see quote 4.20. However, another participant mentioned
a distinction was not necessary, because of the same reason. The
action performed is different, so you already know what you are
doing, therefore making it unnecessary to use two different sounds,
as can be seen in quote 4.21.

Quote 4.20
Participant 5: "I expect distinct sounds because I’m

performing a different action; I’m scanning something
in a different manner. When someone scans QR codes
nearby, I want to be able to distinguish those sounds

from my RFID sounds I’m hearing."

Quote 4.21
Participant 7: "It involves a distinct action. With QR
codes, you target and scan, whereas with RFID, you
move the entire device around. A QR code isn’t

scannable unless you aim for it, so you’re already
aware of what you’re doing. I don’t believe using two
different sounds would make a significant difference."

4.3.4 Summary
While participants expressed overall satisfaction with the current
auditory feedback for QR code scanning and error messages, they
offered some subtle suggestions for refinement. Participants men-
tioned bigger changes for the RFID scanning, differing from starting
sounds to cluster sounds, ultimately reducing the repetitive beeping.
New ideas accompanied by auditory feedback were also discussed.

In summary, participants acknowledged the potential for audi-
tory feedback improvements in Rentman but recognized the need
for a cautious and iterative approach. Their feedback highlighted
the delicate balance between enhancing usability and avoiding ex-
cessive complexity or annoyance of the auditory feedback. The
results provide valuable insights for us to fine-tune auditory feed-
back in such systems, with a focus on user-centric design.

5 Study 1: Exploration - Discussion
The previous section has provided valuable insights into the use
of auditory feedback for the Rentman application. The study high-
lighted the positive impact of auditory feedback in enhancing user
efficiency and reducing errors in equipment item processing. It
also emphasized the need for tailored auditory feedback for differ-
ent scanning technologies, taking into account user preferences
and the specific characteristics of each technology. The findings
underscore the importance of simplicity and ease of perception in
auditory feedback. This section puts the results into perspective and
delves more into answering SQ1: "In what way should enhanced
auditory feedback support different actions of the scan process on
mobile devices in Warehouse Management Systems compared to
the current situation." Table 2 is used for references to the users’
needs. Guidelines are set up for the sound design, which will be
validated in the second study. Table 3 at the end of this chapter

Table 2: Feedback summary of study 1. NF stands for new
feature.

Category Description Priority
1. General Concern of excessive feedback High
2. General Earcons over auditory icons Medium

3. General Unclear necessity distinction
QR/RFID sound Medium

4. QR If multiple QR sounds, big
difference in perception Medium

5. QR Reduce high frequency of
confirmation beep Medium

6. QR Other sound after scanning final
item of same sort Low

7. QR Minimal auditory delay Medium
8. Error Direct / no direct action difference Low
9. RFID No repetitive beeping High
10. RFID Only a sound for a unique tag High
11. RFID Start sound Medium

12. RFID Different sound for unscheduled
equipment items Low

13. RFID Multiple options are available
for an end sound Medium

14. RFID NF Select and scan an area to
get completion sound Low

15. RFID NF Lost equipment item localisation
sound Medium

summarizes the newly created guidelines. Chapter 6 will discuss
the three different sound sets in more detail.

5.1 General guidelines
Simplicity, ease of use, ease of learning, and ease of perception
have proven to be the key drivers that determine how sound design
should be done in WMSs. These aspects are all connected to point
1 of table 2, which is the concern of excessive feedback resulting
in potential confusion and decreased effectiveness. The results of
this study reflect the guidelines created by Absar and Guastavino
[2] mentioned in section 2.1.2. These guidelines state, among other
things, that auditory feedback should be short; the total number
of sounds should be kept to a minimum; and commonly occurring
events should be designed with less obtrusive sounds. Guideline 1
will therefore be aligned with Absar and Guastavino [2] guideline,
which is to "Use a minimalist approach". The mentioned key drivers
benefit from this approach and it prevents excessive feedback.

While one might anticipate auditory icons to perform better
in terms of the learnability, users have expressed a preference for
earcons because they find them easier to distinguish from back-
ground sounds, see point 2 in table 2. There are several additional
reasons, apart from masking, that justify choosing earcons over
auditory icons. One such reason is the necessity to keep the number
of earcons in the system to a minimum, as we aim for a minimalist
approach to maintain simplicity. While earcons do require learning
from scratch due to their lack of articulatory directness, having a
limited number of them enhances learnability and, consequently,
distinguishability [41]. Moreover, in Rentman and similar WMSs,
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many actions lack a clear iconic representation, making earcons a
more practical choice for implementation. Their symbolic mappings
offer flexibility and are therefore better suited for this particular
scenario [41? ]. Lastly, as already discussed in the user preferences
section 2.2.1, it is not only important to consider efficiency and ef-
fectiveness, but also user satisfaction with auditory feedback as user
acceptance could be a deal breaker for the actual use of auditory
feedback [55]. Therefore, guideline 2 will be: "Prefer earcons unless
strong evidence suggests using auditory icons". Earcons are more
suitable compared to auditory icons when no elaborate auditory
feedback is required because of masking prevention, offer more
flexibility in an abstract system, and are preferred by the users.

The intensity of the earcons is another point of discussion. Re-
search has shown that excessive intensity can lead to annoyance,
while low-intensity sounds can positively influence the UI’s overall
perception [21, 79]. Nevertheless, both the scan sound and error
sound in the Rentman application were praised for their clarity.
Having a clear, clunky, and shrill sound allows users to distinguish
it from the background noise in the warehouse, demonstrating
a preference for functionality over aesthetics. Point 5 of table 2
was mentioned by only one participant, but matches the guideline
by Absar and Guastavino [2] to eventually make the sounds aes-
thetically pleasing to reduce end-user fatigue. When redesigning
the sounds in the Rentman application it is essential to administer
guideline 3: "Carefully weigh the trade-off between aesthetics and
functionality". However, it is important to recognize that these two
aspects do not necessarily have to be mutually exclusive, although
finding the right balance might be a trial-and-error process. For
example, a QR scan sound, which is heard hundreds of times a
day, should be functional, unambiguous, and perceivable, yet not
annoying.

While stated in the QR category, point 4 of table 2 is important
to consider for the entire UI. Rentman users have mentioned the
fact they like sounds to be well-distinguishable as this aids in ease
of perception and ease of learning. Therefore, guideline 4 will be:
"Create sounds that are easy to tell apart." Although our ears are
very precise instruments, psycho-acoustics should be taken into
account for this guideline [36]. Perception of sound is context-
dependent and individual perception differences also exist [24, 76].
Non-musicians, like most WMS users, have a higher threshold for
pitch discrimination compared to skilled musicians, which could
lead to the variability of auditory feedback comprehension [76].
The musical characteristics stated in section 2.3.1 could help us
create sounds that are easy to learn and recognize by most, if not
all, users.

Melody-based feedback, as opposed to single-pitch earcons, im-
proves effectiveness, efficiency, and user satisfaction with the UI
[79]. However, when considering a scanning perspective, this may
not hold true. Scanning, whether it is QR or RFID, involves rapid
and repetitive actions. As mentioned in section 2.3.1, earcons should
keep up with the interaction of the interface, which is also relevant
for point 7 in table 2, emphasizing the importance of minimal au-
ditory feedback delay. A melody-based sound takes longer to play
due to its multiple notes, which could potentially lead to a delay if
repetitive scans are performed. Furthermore, many other scanning
devices found in settings like grocery or clothing stores employ a
single-pitch earcon for scan sounds. Changing to a melody-based

sound could disrupt the user’s established mental model of a scan.
On top of that commonly occurring events should be designed with
less obtrusive sounds [2]. In conclusion, guideline 5 will be: Use
single-pitch earcons for commonly occurring events like a QR code
and RFID scan.

Although it is not clear whether there must be a distinction
between sounds between an RFID scan and a QR code scan, see
point 3 table 2, it is interesting to see how different sounds will
be evaluated in the second study. It seems that transformational
earcons are well-suited for this purpose. Brewster et al. [21] men-
tioned differences between transformational earcons can only be
heard by skilled musicians. However, by using distinct timbres it
may become easier to distinguish between them. Developing a
transformational earcon could enable users to swiftly recognize a
scan event and further categorize it as either a QR or RFID scan,
as the musical shape of the earcon is roughly the same, but has
different characteristics. Guideline 6 includes: Use transformational
earcons to differ between scan methods. The second study will teach
us whether this guideline will hold true or not.

5.2 QR code guidelines
The trust issue, mentioned in section 4.2.1, mainly occurred dur-
ing QR code scanning as the scanner failed to count along with
repetitive QR code scans. Such issues are important, as users lose
count and make mistakes during the scan processes. The issue is
fixed by solving a bug in the createOscillator() method of the
AudioContext interface. No guideline is created for this improve-
ment.

Point 6 of table 2 could pose a conflict with the concern of exces-
sive feedback. It is therefore difficult to determine whether another
sound should be added when you scan the last item of that sort.
However, due to technical limitations in the Rentman application,
it is not possible to develop such feedback and is therefore not
implemented nor considered.

There are no QR code specific guidelines, as it is only about the
sound of a confirmatory scan. The general guidelines mentioned in
the previous section are considered enough to create valuable QR
code scan sounds.

5.3 Error message guidelines
It was observed that error message differentiation would lead to
confusion and distractions, as discussed in section 4.2.4. The pri-
mary function of an error message is to capture the user’s attention,
allowing them to subsequently read the accompanying visual er-
ror message. Therefore, introducing distinct auditory feedback for
error messages may not be necessary.

However, one participant suggested that it might be worth con-
sidering a distinction between error messages that require imme-
diate action (choosing between two or more options) and those
that do not (only possible to accept the error), as stated at point
8 in table 2. Differentiating a bit could make sense, as there is a
significant difference between the two errors. One is blocking the
workflow as the error cannot be resolved right away, while the
other could be solved by selecting the "Book" option, meaning it is
not inherently "bad" (see figure 11). This, in combination with the
hesitancy of participants to propose improvements, has led us to
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implement two distinct earcons for these error messages. A small
error message hierarchy, like in figure 4, adds a bit more complexity
but might contribute to a better understanding of what is going
on and perhaps an increased user satisfaction. Guideline 7 is de-
scribed as follows: "Keep the auditory error message differentiation
to a minimum.

5.4 RFID guidelines
Auditory feedback during RFID scanning fails in every aspect of the
discussed role of auditory feedback in UI in section 2.1. Firstly, it fails
to convey information, see quotes 4.10 and 4.12. While past studies
have shown that information spread over multiple modalities helps
to minimize users’ cognitive load and increase task performance,
quotes 4.9 and 4.11 contradict these findings, highlighting a poor
sound design for RFID [2, 18]. The repetitive beeping from point 9
in table 2 is the cause of this problem. In combination with point
10 of table 2, guideline 8 will be: "Reduce repetitive RFID beeping by
only playing a sound for every unique tag received. A reduced sound
transmission will increase the perceived information, as no sound
will eventually tell users that all tags in the proximity have been
received.

Another useful addition for conveying information is the im-
plementation of a start and end sound (point 11 and 13 in table 2.
Guideline 9 will be: "Convey useful additional auditory information
about the start and end process of RFID scanning. Users are in that
case better aware of when the RFID process starts and whether or
not their RFID scan was successful. Chapter 6 will discuss the exact
implementation of those sounds.

One could argue to implement point 12 to convey additional
information as well. However, it was expected that creating differ-
ent sounds for receiving RFID tags would lead to confusion. Such
confusion could potentially cause users to pause their scanning
prematurely, leading to time losses and decreased efficiency.

RFID is also failing in its second role of auditory feedback. RFID,
with the associated auditory feedback, falls short of realizing the po-
tential promised by multimodal interaction. Multimodal interaction
is able to craft immersive UX and provide a more natural and robust
interaction than unimodal systems [20, 61, 89, 99]. They should lead
to pleasurable experiences [2]. However, RFID auditory feedback
appears to be failing in its role to enhance the UX. Feedback from
users suggests that they find the auditory cues generated during
RFID scanning to be not just ineffective, but annoying too. This
highlights a significant challenge in the design of RFID systems,
where users have started to associate auditory feedback with irrita-
tion and dissatisfaction, thus undermining the broader UX goals
that multimodal interaction seeks to achieve. It is expected that
guidelines 8 and 9 will already help with solving the UX problem
of RFID.

Finally, auditory feedback should enhance accessibility by pro-
viding a clearer indication of the system’s current status, allowing
users to understand its ongoing operations, as noted in previous
studies [8, 78]. Currently, users are only aware that the system, in
this case the scanner, is reading tags in its proximity by the repeti-
tive beeping. However, crucial details and additional information
remain concealed from users. Guideline 8 will cause the scanner to
be silent after all tags in the proximity have been scanned. This is

in conflict with Nielsen’s heuristic to give a clear indication of the
current status of the system [78]. To let users know they are still
scanning but are not receiving new tags, a background sound is
added when the RFID trigger is pressed. This will result in guideline
10: "Provide a clear auditory system status during RFID scanning".
This is important, as users will not look at their devices when
scanning with RFID.

5.5 Remaining improvements
Upon successful booking of all equipment items from one status to
another, users are prompted to modify the project status through a
pop-up, see figure 12. The pop-up currently shares the same audi-
tory signal as error messages in Rentman. The pop-up represents a
slightly different message compared to the message where direct
action is possible, making it prudent to expand the auditory hierar-
chy for error notifications with this project status action. Guideline
7 is still in place, only extending the error messages with one more
sound. This enhanced earcon hierarchy aims to provide users with
more nuanced auditory feedback, facilitating a clearer understand-
ing of their interactions that require visual attention within the
system.

Although points 14 and 15 in table 2 could be considered useful
improvements, they fall out of the scope of current research as this
would require not only new sound designs but also entire new fea-
ture development in the software. Future research should definitely
focus on lost equipment item localisation. It would be interesting
to see how Rentman users view this process, as they currently
think RFID scanning is mainly a visual process. However, other
RFID-based location tracking tasks, like in the retail industry, have
proven to be very auditory-dependent, while the visual cues were
only secondary [65]. Selecting and scanning an area instead of an
entire project could also be interesting research, as it increases the
feasibility of non-celebratory sounds because of project chunking.

In conclusion, our findings underscore the significance of sim-
plicity, ease of use, learnability, and perceptibility in sound design
within WMSs, mostly aligning with established guidelines. User
preferences, masking, and flexibility in representing actions led
us to prioritize the use of earcons over auditory icons. Balancing
aesthetics and functionality emerged as a critical consideration, as
users favored functional sounds, while guidelines mentioned audi-
tory feedback should be aesthetically pleasing. In QR code scanning
we resolved issues related to sound malfunctioning during repeti-
tive scans. Error messages have been slightly differentiated to let
users know whether an action is possible or not. In RFID scanning,
a more significant overhaul of the sound design was required as
it did not meet any of the three roles of auditory feedback. The
repetitive beeping is reduced and a start and end sound are added
to convey additional information. Lastly, a continuous background
sound has been added to better represent the system’s status. Table
3 sums up the guidelines.

6 Sound design
With the results from study 1 and the guidelines that emerged from
that data analysis, three sound sets have been created. 8 sounds per
sound set have been created for 8 actions in the Rentman application.
Those 8 actions are listed in table 4. In total, 3 sound sets have been
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Table 3: Sound design guidelines from study 1.

Category Guideline
1. General Use a minimalist approach

2. General Prefer earcons unless strong evidence suggests
using auditory icons

3. General Carefully weigh the trade-off between aesthetics
and functionality

4. General Create sounds that are easy to tell apart

5. General Use single-pitch earcons for commonly occurring
events

6. General Use transformational earcons to differ between scan
methods

7. Error Keep the auditory error message differentiation
to a minimum

8. RFID Reduce repetitive RFID beeping by only playing
a sound for every unique tag received

9. RFID Convey useful additional auditory information
about the start and end process of RFID scanning

10. RFID Provide a clear auditory system status during
RFID scanning

created, comprising a total of 24 sounds. The sets are called "First
Things First" (FTF), "Beeps and Bells" (BNB), and lastly "Old ’n Gold"
(ONG). This chapter will briefly highlight sound design decisions
made during the process. All figures in this chapter are in treble
clef.

Sounds created are made and recorded with the help of Apple’s
GarageBand, which can be found in the .zip folder "Study 2 - Sound
design". Different sound packs have been installed to be able to
have a wide variety of synthesizers and other instruments available.
Picking the right instruments for the sound design was a trial-and-
error process, by clicking through the thousands of options and
perceiving the timbre. After the first round, useful instruments were
noted based on their fit with Rentman’s character and the industry
they are in. From that set, a more accurate selection was made by
comparing the different sounds with each other. This resulted in a
subset of instruments that were expected useful for the sounds. The
instruments used were altered by applying changes to the controls,
equalizers, and plug-ins to give the right sound.

6.1 QR code and RFID tag earcons
The current QR code and RFID tag sound when scanning an equip-
ment item is a single-pitch 440Hz earcon of 100ms, as outlined
in section 4.2.2. Since no complaints were received regarding the
tone’s duration, all three sound sets maintain a 100ms scan action.
For FTF it was decided to change the pitch from 440Hz (A4) to
524Hz (C4 for RFID, C5 for QR code3) because of aesthetic reasons
with the chosen synthesizer. BNB and ONG retain the same 440Hz
frequency. Guideline 6 is implemented to differentiate between QR
code and RFID tag scans by modifying the timbre for these distinct
3Note labeling differs because different sound packages use different frequencies for
middle C. For example, some synthesizer keyboards (61 keys) use C3 - 131Hz as middle
C, which is MIDI note #48, while on piano keyboards (88 keys) C4 - 262Hz is considered
middle C, which is MIDI note #60. This results in a different notation, but the same
frequency. All note notations in this chapter include the frequency to avoid confusion,
so alignment with the GarageBand file notation is maintained.

Table 4: Earcons created with a short explanation for the
Rentman application.

Earcon Explanation
1. QR code scan Confirmation upon scanning QR code
2. RFID tag scan Confirmation upon scanning RFID tag
3. Error no action Blocking error (see figure 10)

4. Error action Non-blocking error, direct action possible
(see figure 11)

5. Project pop-up
Upon booking the last equipment item of the
project the app asks to change project status
(see figure 12)

6. RFID start First time RFID trigger is pressed to open the
module

7. RFID cluster If all RFID tags are successfully booked to
the next status

8. RFID sweep Background sound to let users know the
device is scanning

scanning methods. While both sounds are encountered frequently
throughout the day, the RFID tag sound was intentionally designed
to be slightly softer than the QR code sound. The RFID sound will
be played in quick succession due to the possibility of multiple tag
receptions per second, in contrast to the relatively slower QR code
scanning process. This adjustment is expected to reduce annoyance
when hearing the sound in rapid succession. Additionally, guideline
8 is applied, transitioning from beeping for all received tags to beep-
ing solely for uniquely received tags. Both scan methods refrain
from utilizing echo, delay, or reverb effects, adhering to a direct
and short sound without decorations [48]. The different sounds can
be heard here: QR code scan sounds and RFID tag scan sounds.

6.2 Errors and project pop-up
As stated in section 5.3 and 5.5, error messages and the project
pop-up earcons (points 3-5 in table 4) have been structured hierar-
chically in their design. This choice aligns with guideline 7, aiming
to minimize auditory differentiation in error messages. The hier-
archical approach was anticipated to facilitate users’ recognition
of sound similarities and to improve learnability, thus adhering to
guideline 1 for minimalist auditory feedback. The hierarchy varies
across each sound set, so we will briefly outline the decisions made.
The same instruments are employed within each hierarchy for con-
sistency. The different sounds can be heard here: Error no action,
Error action, and Project pop-up.

6.2.1 FTF hierarchy
Figure 13 shows the hierarchy of FTF. In its creation, our primary
emphasis was on establishing a hierarchy with three levels. The
hierarchy starts with two identical notes for errors where no action
is possible. For errors with action possible, a perfect fourth interval
is introduced to evoke a neutral response [59]. Given the possibility
of immediate resolution of these errors, we anticipated that a neutral
interval would be fitting. The project pop-up constitutes a fusion
of a transformational and hierarchical earcon, transitioning from
an F to a G, accompanied by the addition of a C. Nevertheless, we
anticipate that the transition from F to G is unlikely to significantly
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affect the musical contour, likely only perceivable to professional
musicians, in line with Brewster et al. [21]. This set employs a
combination of two synthesizers with different timbres, with the
first covering the ranges C6 to C7 (523Hz and 1047Hz) and the
second covering C2-C4 (65Hz, 131Hz, 262Hz). This diverse timbral
combination mitigates masking. A little bit of decay and reverb is
added to give the sound more weight. The notes used are short, but
approximately as long as the minimum length of 0.125s [21].

Figure 13: Hierarchy of (error) pop-ups - FTF.

6.2.2 BNB hierarchy
Figure 14 shows the hierarchy of BNB, which exhibits a flat struc-
ture. All earcons originate from the same foundational note, which
is not used by itself, but differ in their final note. This design priori-
tized the musical motion of the earcon, having variations between
descending, constant, and ascending sequences. The descending
motion was chosen to convey a more negative impression, symbol-
izing a blocking error, while an ascending perfect fifth interval was
employed to evoke stability and cheerfulness [59]. High pitches
(C5 - 1047Hz) are rendered via a marimba and an electric keyboard,
while the lower pitches (C2 - 131Hz and C3 - 262Hz) are generated
using a synthesizer and another electric keyboard. The use of dis-
tinct timbres, once again, aids in mitigating masking. Note duration
in this variant is slightly longer than those in the FTF set and notes
are played with a staccato touch.

Figure 14: Hierarchy of (error) pop-ups - BNB.

6.2.3 ONG hierarchy
Figure 15 shows the hierarchy of ONG with a specific emphasis on
mirroring the current error message sound in Rentman, as most
participants liked the existing error sound. The "Error (no action)"
retains the same sound (D4 - 293Hz, 400ms) with an identical synthe-
sized timbre. The hierarchical level below the default error sound
maintains a 400ms duration but is now divided into two 200ms
notes. Unlike the BNB variant, this version does not have a staccato
touch, resulting in a slightly longer perception. The "Error (action
possible)" employs a major third interval to convey a friendly and
hopeful feeling [59]. The "Project pop-up" employs an octave inter-
val to give a feeling of completeness, signifying the conclusion of a
project phase [28]. Given its focus on resembling the current error
sound, this set exclusively employs one synthesizer.

Figure 15: Hierarchy of (error) pop-ups - ONG.

6.3 RFID start
Figure 16 shows the RFID start sounds for the three sound sets,
which are activated when the scanner trigger is pressed to initiate
the RFID module. These sounds indicate the start of the RFID scan-
ning process, allowing users to hold the trigger to receive any tags
nearby.

During sound design, the softness of the RFID tag sound was
copied to this sound. While each sound employs a different syn-
thesizer, their timbre remains consistent. FTF represents the most
musically intricate RFID start sound, driven more by musical aes-
thetics than functional considerations. It is anticipated that this
earcon may be the least favored, potentially conflicting with guide-
line 3. BNB uses an octave interval. An octave interval can not only
evoke a feeling of completeness but also a feeling of lighthearted-
ness, conveying a cheerful state with minimal concerns, which suits
this action [28]. ONG employs the same synthesizer as the ONG
RFID tag sound, aiming to create a major chord with the final note’s
pitch aligning with the RFID tag sound. A major chord, comprising
a major third and perfect fifth interval, conveys feelings of joy and
happiness, hopefully aligning with the sentiment of embarking on
a new scanning process [59]. The different sounds can be heard
here: RFID start sounds.

6.4 RFID cluster
Figure 17 shows the RFID cluster sounds for the three sound sets.
The cluster sound addresses potential improvement point 13 of
table 2 and aligns with guideline 8 in table 3. Currently, after suc-
cessfully completing an RFID scan of multiple equipment items,
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Figure 16: The different RFID start sounds

each item receives individual status updates with accompanying
beeps, resulting in a repetitive beeping sequence that conflicts with
guidelines 1 and 8.

The newly designed cluster sound aims to enhance the current
situation. Instead of marking each item individually with multiple
beeps, a single sound will be used to alert the user to the successful
booking of all items of that scan. The cluster sound carries a more
pronounced quality compared to a single QR/RFID scan sound, sig-
nifying the simultaneous successful booking of multiple equipment
items. FTF and ONG share a similar structure, utilizing the RFID
tag tone as a base and elaborating the earcon from there. The same
intervals are employed, with FTF playing them simultaneously and
ONG sequentially. Both use decay to impart a larger and slower
feel compared to a single RFID scan, with FTF also adding reverb
for increased real-life presence [48]. Additionally, FTF introduces
a second synthesizer to amplify the sound’s weight. BNB, on the
other hand, differs by employing a bell-like sound to alert the user,
distinguishing itself from the other sounds in the set and adhering
to guideline 4. Decay is used in BNB for similar reasons as in FTF
and ONG. The different sounds can be heard here: RFID cluster
sounds.

Figure 17: The different RFID cluster sounds

6.5 RFID sweep
Currently, no auditory feedback is given when the RFID trigger is
pressed. The RFID sweep sound refers to the new continuous back-
ground sound during RFID scanning, audible as long as the trigger
is held down to indicate ongoing scanner activity. As previously
mentioned, this aids in conveying the scanner’s active state even
when no new tags are being received. The sweep sound is an ex-
cellent example of how guideline 3 can effectively be implemented
in two ways. This action enables us to design a sound that is both
aesthetically pleasing and discernible in the background while also
fulfilling the purpose of indicating the system’s status.

All three earcons are designed with a single or simultaneous
dual note and incorporate echo. FTF simultaneously uses C4 and C5

(523Hz and 1047Hz), replaying the sound twice within the echo. The
synthesizer used differs from that of the RFID tag sound, ensuring
clear differentiation between the sweep sound and the tag sound.
BNB utilizes the same synthesizer as FTF but with slightly adjusted
echo settings. Lastly, ONG employs the same synthesizer as the
RFID tag sound in that set but features less echo compared to FTF
and BNB and has a different pitch (F#4 - 370Hz). The different
sounds can be heard here: RFID sweep sound.

6.6 Summary
The three different sound sets have been carefully designed with
the guidelines and user feedback of the first study in mind. An
effort is made to ensure that all sounds within a set fit together well.
During the sound design, we ensured that the error messages and
project pop-ups were significantly different from the other earcons,
as those must be attention-grabbing and require visual action. The
second study allows us to not only verify that the new earcons
are well-designed, well-perceived, and accepted by the user but
also verify that the actions that have gained additional auditory
feedback are in line with expectations. Sounds 6-8 of table 4 are
new to their connected actions and also the error message/pop-up
differentiation is different from the current version. The second
study will tell us where we can still improve and which sounds per
sound set are preferred the most.

7 Study 2: Verification - Results
In this chapter, we present the results of the second phase of the
study, as outlined in section 3.2. Transcripts can be found in the .zip
folder "Study 2 - Data analysis". Participant comments pertaining
to each sound, as detailed in table 4, have been categorized into
positive, negative, and neutral sentiments. A high score on (one of)
those categories signifies it is much discussed. The term "Chosen
in final set" denotes a participant’s selection of a specific sound as
their favorite among the three options (FTF, BNB, and ONG) for a
given action. Per sound, a participant was allowed to only choose
one as the final earcon.

The data analysis revealed that none of the three sound sets
demonstrated superiority over the others. Each sound set exhib-
ited its advantages and drawbacks concerning individual sounds.
Figure 18 provides a concise overview of the sentiment associated
with the three distinct sound sets. Each participant could mention
multiple positive, negative, and neutral comments per sound and
therefore sound set, but was only allowed to pick one of the three
sounds per action. In total, one participant could have 8 favorite
sounds. Although ONG may be perceived as the most "successful"
sound set overall, not every sound within that set was the most
frequently chosen. A more detailed breakdown of individual sounds
is presented in figure 19.

The remainder of this chapter will address each sound individu-
ally, following the sequence outlined in table 4. This allows us to
address our second research question (SQ2): "How do users per-
ceive and interpret the newly created enhanced auditory feedback
during the different scan processes of a Warehouse Management
System?" Each subsection follows the same structure. It highlights
the chosen sound including necessary changes and compares all
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sound results afterwards. Table 5 summarizes the sounds chosen
with their adjustments for the final study.

During the sound selection process, the "Chosen" column of
figure 19 was most important, leaving out repetitive mentions by
a participant. If there was no clear winner, careful considerations
were made by looking at the number of positive and negative com-
ments. The final sound set can be listened to here: Final Sound Set,
with the GarageBand file in the .zip folder "Study 3 - Sound design".
The chapter closes with general feedback and a summary.

Table 5: Final sound set with changes from second study.

Earcon Set Adjustments

1. QR code scan ONG Changed timbre, less cutoff, and
altered EQ

2. RFID tag scan FTF Increase pitch from C4 (523Hz) to
A4 (880Hz), added double octave

3. Error no action ONG -
4. Error action ONG -

5. Project pop-up FTF From C-C-G-C to E-G-C and
synthesizer changes

6. RFID start ONG
Decreased decay, added RFID tag
synth with sharp attack and short
release

7. RFID cluster FTF Sharper attack, added the same synth
as RFID start for coherence

8. RFID sweep BNB Slightly increase of volume

Figure 18: Sentiment per sound set. Each participant has
multiple mentions per sound set.

7.1 Confirmation scan
Transformational earcons were employed to distinguish between
QR code scans and RFID tag scans (see section 6.1 and figure 5),
which was liked by the majority of participants. Participant 1 men-
tioned the exact reason why transformational earcons have been

designed for the confirmation scan, see quote 7.1. Another partic-
ipant emphasized the fact you cannot count along with the fast
RFID tags, so the tag sound should be there, but it does not have to
be too obvious. Both justify the need for transformational earcons.

Quote 7.1
Participant 1: "The existing QR code sample is lengthy.
When played repeatedly in rapid succession with RFID,
it leads to interruptions in the sample. [...] RFID should

be a more pleasing, lighter, and delicate sound in
contrast to QR code scanning. Although the pitch may
be identical, QR should be more of a "boop" sound,
while RFID should produce more of a "beep" sound."

7.1.1 QR code scan
Final sound: ONG
ONG is chosen because it was chosen the most and has good clarity,
but is not perceived as too loud, making sure the aesthetics and
functionality are well balanced (guideline 3 from table 3). The sound
is improved by slightly changing the timbre of the synthesizer. The
cutoff is changed so more higher frequencies are let through. On
top of that, the EQ is slightly changed to enhance the perception
of those higher frequencies. This results in a less old-school sound,
while not differing too much from the originally chosen sound.
Lastly, the sound will remain a single-pitch earcon, administering
guideline 5 of table 3.

Results comparison
When looking at figure 19, it becomes apparent that BNB is the most
disliked QR code scan sound. The sound was perceived as annoying
and participants connected it to a blocking error sound. A partici-
pant even looked at the screen after a successful scan, as he thought
an error had occurred. The sound was too intriguing, intense, loud,
and not aesthetically pleasing. FTF is a better alternative compared
to BNB. Although the opinions were slightly positive, the negative
feedback is worth mentioning as participant 8 noticed a delay in the
sound. He felt the time was increased between the actual scan and
the sound played. Another participant indicated this sound as the
most annoying of the three QR sounds. ONG was chosen the most
and did not receive many negative comments. It was praised for its
clarity. The sound was perceived well and relaxing, not being too
loud compared to the other QR code sounds. A small improvement
would be to make the sound slightly less old-school, adapting it to
the modern action the user is performing. One participant could
not choose between FTF and ONG, giving a total of 10 "chosen",
instead of 9.

7.1.2 RFID tag scan
Final sound: FTF
FTF is chosen because it was picked by 7 participants, indicating
that this sound is most favorable. Besides, the clarity was good and
was perceived as pleasant sound. The FTF RFID tag is transformed
into a lighter and softer sound, moving more to the aesthetic side
instead of the functionality side, which is good as users are unable
to count along and hear this sound in quick succession. Feedback
received highlighted the need to enhance the pitch of the FTF sound
for improved perceptibility. Furthermore, maintaining a consistent

34

https://drive.google.com/drive/folders/1clWhXPiNhKDj41MK1JR-Fm7rb1aJ2vOL?usp=sharing


Master’s Thesis Project ’24, January 19, 2024, Utrecht University

Figure 19: Sentiment per individual sound. Each participant could mention an arbitrary number of positive, negative, and
neutral comments, but was only allowed to pick one favorite (chosen) sound per action.

pitch across different earcons within the transformational hierar-
chy was deemed essential to ensure a coherent musical contour,
adhering to the principles of transformational earcons [21]. The
initial pitch of the FTF RFID tag was 524Hz, while the pitch of ONG

QR code was 440Hz. It was therefore decided that the FTF RFID
tag would benefit from using a double octave. 440Hz, 880Hz, and
1760Hz are played simultaneously so the transformation hierarchy
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stays intact and clarity is better at lower volumes. This way, guide-
line 6 from table 3 is administered.

Results comparison
BNB is the least-liked sound for the RFID tag scan. Quote 7.2 high-
lights the concern:

Quote 7.2
Participant 9: "In our warehouse, it is not very loud,
but if forklifts are in operation and colleagues are

throwing with cases... If you need a highly penetrating
sound, this could be suitable. However, it is not suitable

for our current environment."

The sound was compared to a lightsaber, being too aggressive,
extreme, and violent, eventually becoming unpleasant with contin-
uous exposure. The sound clearly failed and should not be consid-
ered to be implemented. ONG was considered a gentle and pleasant
sound by most participants. However, it was only chosen once by
the participants, because it might become less distinct in noisier sur-
roundings and it coincided with the RFID sweep, confusing the scan
process. FTF’s clarity was slightly better than ONG’s, but still had a
pleasant sound, making it suitable for continuous use. It was chosen
by 7 participants, indicating that this sound is most favorable. A
point of improvement was to slightly increase the pitch to increase
perception with lower volumes and make it easily distinguishable
from the RFID sweep sound.

7.2 Errors and pop-ups
To keep error message differentiation to a minimum (guideline 7 of
table 3), a hierarchy was implemented to limit the number of sounds
and increase learnability, like stated in chapter 6.2. All participants
agreed with the project pop-up having another sound compared to
the default error sound. There was a small majority of participants
preferring an auditory distinction between "Error no action" and
"Error action". Results were divided, as for some participants the
latter is just an error, while other participants do not see this as
mistake. This highlights the importance of guideline 7, to have only
a small hierarchy to have a logical and easy to learn error message
system. Quotes 7.3 and 7.4 highlight the different opinions.

Quote 7.3
Participant 2: "The current situation is awful, that was
just developed once. Having multiple notes is great, it

makes it very clear. "

Quote 7.4
Participant 5: "My personal opinion is that it is not

necessary to differentiate [...] It does not add anything
to the pace you’re solving things with. I have to learn a
new sound while that might not be necessary, I think?"

Participants did not explicitly mention anything about the hier-
archy created for the error messages and project pop-up. It seemed
like they evaluated each sound separately, not knowing there was a
structure behind it. Based on figure 19 we can also derive that there
was no favorite sound set for this part of the application. Because
there was a small majority for error message differentiation, we
decided to continue with that for the actions "Error no action" and
"Error action".

7.2.1 Error no action
Final sound: ONG
ONG is chosen because it was picked by 7 participants, indicating
that this sound is most favorable. The sound was able to convey
the necessary information well. No adjustments have to be made.

Results comparison
The opinions about FTF were mildly positive, but negatively in-
fluenced by the sound "Error action" as they were too similar and
therefore negatively perceived. The sound itself was clear and indi-
cated the current errorwas blocking for some participants. However,
four participants also mentioned the sound was too kind.

The opinions about BNB were divided. Participants thought the
soundwas aesthetically pleasing, and for some of them, it resembled
an error message like they know in other systems. Nevertheless,
many participants indicated the sound was too kind and not press-
ing enough, even suggesting swapping the BNB QR code with BNB
error no action, as can be seen in quotes 7.5, 7.6, and 7.7. As dis-
cussed in section 5.3, the primary function of an error message
should be to capture the user’s attention. Both FTF and BNB failed
to convey this message effectively.

Quote 7.5
Participant 8: "I would almost say you should swap

them. [...] Error no action sounds positive, while the QR
code sound is quite an "ehhh" sound."

Quote 7.6
Participant 1: "If I were blind and I heard this at a

pedestrian crossing, I would cross the road."

Quote 7.7
Participant 12: "I think the earcon sounds happy. I

think I have scanned something now, so I would not use
it as an error message sound."

ONG on the other hand, was perceived very well. It was the same
error as currently used. Participants felt it effectively conveyed
the message that a blocking error had occurred, with some even
indicating that they heard a cross sign. The duration of the sound
(which is a single-pitch earcon) was seen as positive, allowing
users to distinguish it from other notifications. It was clear that
participants liked this error message the most.

7.2.2 Error action
Final sound: ONG
ONG is chosen because of four reasons. Firstly, it fits the hierar-
chy with the ONG "Error no action" sound. Secondly, the ONG
sound has the same structural alignment as the phrase "to-do", see
quote 7.8. Thirdly, it was voted for the most. Finally, the two error
messages were easy to distinguish. No adjustments have to be made.

Results comparison
The results for this sound exhibited more variations compared to
"Error no action". Similar justifications were provided for both the
preference and aversion to a particular sound. This consistency in
arguments can be attributed to the diversity of opinions among par-
ticipants regarding whether the "Error action" inherently conveys
negativity. Participants expressed a positive view of the FTF sound,
describing it as pleasant and aesthetically pleasing. Despite being
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well-received, some participants remarked that it lacked a distinc-
tive error-related quality, felt somewhat confirmatory in nature, or
simply did not fit the action.

On the other hand, the BNB sound was characterized as clear, but
few other positive attributes were noted. Participants reiterated that
the sound conveyed an overly positive tone, leaving them with a
sense of finality. Both BNB and FTF have a too positive tone, which
would in this scenario mean that users will not look at their device,
while attention is required. Both options therefore miss the primary
function of an error message, which is grabbing your attention.
Additionally, both options got multiple complaints saying the two
error message hierarchies were too similar to each other.

In contrast, the ONG sound was perceived as the most practi-
cal. It was easily distinguishable from the "Error no action" sound
and found to be pleasant when encountered multiple times a day.
An illustrative insight, as presented in quote 7.8, highlighted the
structural alignment of the ONG sound with the phrase "to-do," mir-
roring the exact action required for the error pop-up. Notably, ONG
was the most frequently selected sound and received the fewest
negative comments, underscoring its suitability, particularly when
used in conjunction with the "Error no action" sound.

Quote 7.8
Participant 4: "The sound "tu-du" sounds almost like

to-do."

7.2.3 Project pop-up
Final sound: FTF
FTF is chosen as it received most positive comments (the "Chosen"
category was almost equal for all sounds). FTF successfully con-
veyed a sense of accomplishment. The sound will be adjusted to
make it shorter and less bouncy, by changing C-C-G-C (see figure
13 to E-G-C (see figure 20). The synthesizer for the lower pitches is
changed to a different one so it fits the entire sound set better. A
third synthesizer is added to give a slightly more celebratory effect.
All synthesizers play the same notes. Lastly, it will be removed from
the error message hierarchy tree, see results comparison section.

Figure 20: New project pop-up, based on FTF project pop-up.

Results comparison
8 votes were cast for the project pop-up as one participant was not
completely satisfied with any of the sounds. There was no clear
favorite for the project pop-up sound. It was mentioned that the
design of this sound may be considered less significant, given that
it is encountered only a few times each day, as stated in quote 7.9.

Quote 7.9
Participant 1: "This sound occurs 6 times a day, so you
[the designer] can be free to use any combination of

positive notes."

All participants provided positive feedback on FTF, generally ap-
preciating its clarity, positivity, and the sense of accomplishment

it conveyed, like stated in 7.10. Nevertheless, some participants
mentioned that the sound was either too lengthy or too bouncy.

Quote 7.10
Participant 12: "I actually enjoy this sound, it is nice. It

is a beautiful sound. I now know I have scanned
everything, it really is a happy sound."

BNB also received positive mentions, albeit with moderately pos-
itive comments compared to FTF. A participant suggested reducing
the level of distortion to gain a more positive character.

ONG’s negative comments were the most dominant, as some
participants perceived it as bearing too strong a resemblance to an
error message. While its perception was good, it was noted it could
benefit from an added celebratory element by some.

No clear "winner" emerged among these sounds, signaling the
potential need for a redesign to address the current negative feed-
back associated with the project pop-up sound. The sounds were
designed within the error message hierarchy as it is shown with a
pop-up, like the other error messages, and used to have the same
sound as the default error message. After evaluation, hierarchy ex-
clusion is expected to be better, as it allows us to design the earcon
freely, without hierarchy rules defined by the previous branches.
Take for example the ONG hierarchy, as shown in figure 15. Par-
ticipants linked the project pop-up sound with an error message,
which can be explained by the fact that the first note of the project
pop-up is used for "Error no action" too. With such a hierarchy, it is
hard to bend a sound that starts with an error tone to a celebratory
end sound. Therefore, deciding which actions to include and which
not is of great importance to benefit from increased usability with
such hierarchies.

7.3 RFID sounds
Section 5.4 mentioned that RFID scanning fails in the three roles of
auditory feedback in UI. However, it has become clear that we are
now moving in the right direction by making sure information is
conveyed effectively, improving the UX, and increasing accessibil-
ity with enhanced auditory feedback. As will be discussed next in
this section, guidelines 8, 9, and 10 of table 3 have been correctly
implemented. As outlined by guideline 8 of table 3, the scanner was
configured to emit a beep solely for unique tags detected, rather
than beeping continuously for each tag scanned. The participants
in our second study verified this adjustment as a significant en-
hancement, diminishing the overall annoyance experienced during
the RFID scanning process.

7.3.1 RFID start
Final sound: ONG
ONG is chosen because it was picked by 6 participants and received
most positive comments. It was straightforward and effective. The
sound will be slightly redesigned to create less dullness and make it
more snappy. This is achieved by using less decay on the same syn-
thesizer, creating a faster and smaller feeling [48]. The synthesizer
of the RFID tag sound is also added with the same start melody
to create more coherence for the RFID sounds. This synthesizer
has a sharp attack and a very short release so it feels energetic and
snappy [48].
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Results comparison
Adding a sound when starting the RFID module was regarded as
a positive feature, as it aided participants in understanding their
entry to the separate RFID module in the application. However,
as stated in section 6.3, it was expected and now confirmed that
FTF was the least liked sound for RFID start, being in conflict with
guideline 3 and possibly guideline 1. Participants acknowledged its
merit but did not express a clear and unanimous positive opinion.
A few participants mentioned that the sound was harsh or unusual.

In contrast, almost all participants exhibited a highly favorable
response to BNB. The sound was praised for its straightforwardness
and effectiveness in signaling the start of a new RFID scan.

ONG also received positive feedback with similar arguments as
BNB and was chosen most frequently to appear in the final set.
Minor suggested improvements included increasing the sound’s
clarity, slightly elevating its pitch, or shortening its duration. Using
either an octave (BNB) or a major chord (ONG) turned out to be a
good choice for the RFID start process.

7.3.2 RFID cluster
Final sound: FTF
FTF is chosen because it received the fewest negative responses and
got good positive feedback. Minor adjustments are made to make
the sound less blurry. The synthesizer now has a sharper decay
to better distinguish the different notes. On top of that, the same
synthesizer of RFID start is also used to create more coherence in
the sound set.

Results comparison
Only 7 votes were cast for the final set, as one participant refrained
from selecting a favorite between FTF and ONG, and another par-
ticipant expressed dissatisfaction with the complexity of all the
sounds, as illustrated in quote 7.11.

Quote 7.11
Participant 1: "It should not turn into a huge

mishmash of all the sounds we will hear. It could also
be as simple as... Just scanning, but repeated twice.

"Tu-Tu". Like a double-click, indicating confirmation."
FTF received positive feedback, as participants described it as

providing a sense of confirmation and accomplishment. Only one
participant remarked that the sound was a bit blurry.

BNB generally received positive feedback too, as it was described
as a nice, short, and confirmatory sound, suitable for indicating suc-
cessful actions. Minor suggestions for improvement included tim-
ing and volume adjustments to enhance its usability. The primary
drawback of this sound was the last tone, perceived as somewhat
irritating and high-pitched.

ONG received the most negative feedback, as it was perceived
as an outdated, too long, and hollow sound by some participants.
The old sound does not align with modern expectations. Positive
reactions were limited, mainly expressing moderate enthusiasm
and confirming that the sound conveyed a sense of confirmation.
Contrary to the comments, it was chosen most frequently, although
be it with a 1 vote difference.

It is interesting to compare FTF with ONG for the RFID cluster
sound. Both use the same intervals but employ different synthesiz-
ers and timing. Comments on FTF were very positive, while ONG

was less liked with participants mentioning it should not be consid-
ered because it is outdated, long, and hollow. This highlights the
importance of choosing the right timbre, note length, and timing
for earcons as this massively influences the perception. Overall, the
choice of the ideal cluster sound for RFID scanning depends on the
specific user preferences and the desired user experience.

7.3.3 RFID sweep
Final sound: BNB
BNB is chosen because it was chosen the most and it was clear
the sound performed better than its alternatives. The volume is
slightly increased to increase the perception when present in noisy
warehouses.

Results comparison
It was confirmed that a background sound during RFID scanning
is beneficial to understanding the system’s status. Although ini-
tially, some participants confused the sweeping sound with echo
or scanning another kind of RFID tag, all participants agreed the
background sound is a useful addition, see quotes 7.12 and 7.13.

Quote 7.12
Participant 2: "This is very clear, something we do not
have at the moment. Previously, you were uncertain
about what was happening exactly, but now you know
you are searching. [...] A repetitive sound is effective.
[...] The longer the gaps between the sounds, the more
uncertainty arises about whether you are scanning or

not."

Quote 7.13
Participant 9: "I really like the sweep sound, as it

provides a clear indication that the scanning process is
happening. Currently, I often press the RFID button,
only to discover that the device is not scanning, either
due to a device malfunction or an incorrect button

press. The sweep sound serves as confirmation that the
scanning is in progress, allowing me to discern whether
the issue lies with my equipment or tag placement,

rather than the scanner itself."

Upon reviewing figure 19 it becomes evident that BNB’s back-
ground sound is preferred the most. The sound was considered
subtle, friendly, and not too obvious, while it is still clear and con-
veys the message well. It was nicely balanced with a lower volume,
allowing other RFID tag sounds to stand out when played simul-
taneously. However, it must be noted that participants 11 and 12
both voted for another sound. They had the nosiest warehouse and
were not able to perceive BNB well.

In contrast, comments received on both FTF and ONG were pre-
dominantly negative, as they were considered nervous and chaotic,
ultimately leading to annoyance. Besides, participants encountered
difficulty in distinguishing between the RFID tag and the RFID
sweep when played simultaneously. Notably, FTF and BNB have
used the same synth with almost the same settings. It is important
to notice that FTF has had many negative responses, highlighting
the impact of subtle differences in sound design.
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7.4 Other feedback
Besides the comments regarding the sounds themselves, partici-
pants provided further feedback on the auditory enhancements.
Firstly, participants agreed with expanding the number of sounds
in the application, despite the notable increase from 2 to 8 sounds.
The expanded auditory feedback is considered beneficial, provided
that the sounds remain brief and easily distinguishable.

Secondly, there was a prevailing sentiment among most par-
ticipants concerning sound configuration within the application.
Participants were asked about their interest in configuring the
sounds themselves, allowing them to select a subset that suited their
preferences. Quote 7.14 underscores the rationale behind sound
configuration, while quote 7.15 underscores the substantial varia-
tion in personal sound preferences. Most participants favored the
idea of sound configuration but noted it should be tailored to the
company’s preferences rather than individual users. Scanners are
exchanged between users and users are operating in close prox-
imity, so individual sound configuration would lead to confusion,
emphasizing the importance of company-wide sound standardiza-
tion.

Quote 7.14
Participant 9: "From all sets I just heard, there are a
couple of sounds appealing to me and some who are
not. I think mixing and matching different sounds

yourself is important to create the best user experience
for all users, not just a few."

Quote 7.15
Participant 2: "I would just design it right once. This is
an error message for everyone, full stop! But well, on
many devices, you can change your sound settings. It
would be funny if we could, but if it really helps... On
the other hand, it is sound. What you like, I do not.
What I think is nice, you think is unpleasant. That

already starts the discussion."

Furthermore, participants stressed the importance of coherence
within a sound set if there would only be one final set. The balance
of a sound set is important, as sounds should fit together, but must
also be easy to distinguish. It can be hard to create sounds that are
significantly different, easy to distinguish, but connected to each
other in a way too. Distinctiveness should be achieved through
pitch differences and differing the number of notes in a sound,
rather than relying too heavily on volume or timbre differences.
A participant suggested that error messages could benefit from a
higher volume level to capture the user’s attention. Additionally, a
participant proposed increasing the pitch of all sounds to improve
perception at lower volumes.

Moreover, three participants mentioned RFID tag sound differen-
tiation. Currently, all RFID tags produce the same sound. RFID tags
not present in a project appear in a separate list on the scanner, see
figure 21. Participants suggested implementing two different RFID
tag sounds: one for RFID tags present in the project and another
for RFID tags not associated with the project. This differentiation
would assist users in promptly identifying unscheduled equipment
items, with the modified sound signaling its distinctiveness and
capturing attention.

Figure 21: RFID table with (un)scheduled equipment items.

Lastly, participants were questioned about their expectations
regarding the impact of the enhanced auditory feedback on UX. All
participants agreed they would benefit from the enhanced auditory
feedback with the selection of appropriate sounds. Clarity, learn-
ability, and a user-centered approach were highlighted as crucial
factors in achieving a positive UX. The enhanced auditory feedback
contributes to professionalizing the application and gaining a better
understanding of the actions taken within the application. Addi-
tionally, four participants agreed their efficiency would increase
with the enhanced auditory feedback, as it would allow them to
not look at the screen as often as they do now.

7.5 Summary
We have learned that transformational earcons could very well
work to distinguish different scan methods from each other. If a
sound is played in rapid succession, it would benefit from a light,
short, and soft sound, while for QR code scanning more clarity is
useful.

Error messages could benefit from a concise and comprehensible
hierarchy. Although some error messages can be resolved imme-
diately, they still require a negative character to grab the user’s
attention. A sound with a positive character does not necessarily
direct the user’s attention to the screen, leading to time losses and
confusion during the initial use, and decreased UX in the long term.
Besides, proper evaluation must be done to decide what errors
or pop-ups are included in the hierarchy. Wrong decisions could
lead to unfavorable outcomes where earcons are created with a
misplaced character.

The RFID process has proven to benefit from limiting the repet-
itive beeping. Adding indicators to highlight the start, process,
and end of the scan session results in better information transfer,
improved UX, and increased accessibility. The sounds should be
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snappy to reflect the modern action the user is performing. While
the start and end sound could be on a normal volume, the RFID
sweep (background sound) can have a lower volume as it purely
serves as a small confirmation the system is working correctly.
However, it should still be perceived in noisy warehouses too.

An increase from 2 to 8 sounds is still acceptable, although all
sounds should be useful and coherent with each other. Configura-
tion on a company level could be a solution to satisfy the broadest
range of users. In the future, it might be valuable to distinguish
between correct and incorrect RFID tags during an RFID scan. Re-
search should focus on determining whether the inclusion of an
extra RFID tag will introduce additional noise and potentially lead
to confusion during the scanning process, or whether it will expe-
dite error detection, ultimately reducing the error margin during
project preparations.

In conclusion, participants were satisfied with the direction the
enhanced auditory feedback is going and have confirmed to expect
a better UX and increased usability. There is no clear favorite sound
set, as each sound set has its own pros and cons and sounds that
stand out compared to the others. Different sounds were praised for
different reasons, and even the most preferred sounds sometimes
still have room for improvement. It has become clear that opinions
about sound can have great variety and finding a solution that fits
all users is difficult, but possible. With the newly adjusted sound
set, we are confident we have built a solution fitting to most users
in this field.

8 Study 3: Validation - Results
In this chapter, we present the results of the third and last phase of
the study, as outlined in section 3.3. All data can be found in the
.zip folder "Study 3 - Data analysis". It focuses on answering five
usability sub-questions related to both the scan method and sound
design. The results of each sub-question are discussed in separate
sections. The abbreviations for the four evaluated conditions are as
follows:

• BC: Barcode / QR code scanning with Conventional sounds
• BA: Barcode / QR code scanning with enhanced Auditory
feedback

• RC: RFID scanning with Conventional sounds
• RA: RFID scanning with enhanced Auditory feedback

As the sample size is <50, Shapiro-Wilk tests have been per-
formed for every dependent variable to determine the distribution
of the data. Those results can be seen in table 7 in Appendix E.
Besides, Levene’s tests have been performed to determine the ho-
mogeneity of variance. Both tests will be briefly discussed at the
start of each section to determine the significance test.

8.1 Efficiency
The sub-question for efficiency was as follows:
SQ3: How do conventional sounds and enhanced auditory feedback
affect usability in terms of efficiency during the scan process in a

Warehouse Management System?

H0: 𝜇𝐵𝐶 = 𝜇𝐵𝐴 = 𝜇𝑅𝐶 = 𝜇𝑅𝐴

H1: The means are not all equal

Levene’s test for equality of variances showed that the variances
for the four conditions were equal (F = 1.29, p = .280). A Shapiro-
Wilk test was performed for every condition and showed a normal
distribution for all four conditions as can be seen in Appendix E
table 7. The statistical assumptions for normality and homogeneity
were therefore met, resulting in a parametric two-way repeated
measures ANOVA as a significance test. Figure 22 shows more
information about the distribution (with a Gaussian kernel density
estimation), mean, and median per condition.

Figure 22: Violin plot efficiency, showing descriptive statistics
and smoothed distribution shape. The white line inside the
box plot shows the median, while the textualM on the side
shows the mean value.

There was found one statistically significant effect at the .05
significance level, allowing us to reject the H0 of SQ3. The main
effect for scanmethod yielded an F (1, 37) = 15.78, p < .001, indicating
RFID scanning (M = 173.0, SD = 35.4) is significantly faster compared
to QR scanning (M = 186.8, SD = 33.4). On average, RFID scanning
was 7.3% faster compared to QR scanning.

No other significant differences were found. Although the cur-
rent sounds (M = 180.0, SD = 35.6) was slightly slower compared
to the enhanced auditory feedback (M = 177.1, SD = 33.2), it did
not influence the efficiency significantly, F = 0.76, p = .387. Besides,
no interaction effect was found between sound design and scan
method for the efficiency, F (1,37) = 0.36, p = .554. We can conclude
that only the scan method influences the efficiency, with RFID being
more efficient compared to QR. Enhanced auditory feedback does
not impact the work pace of the employee.

8.2 Effectiveness
The sub-question for effectiveness was as follows:
SQ4: How do conventional sounds and enhanced auditory feedback
affect usability in terms of effectiveness during the scan process in a

Warehouse Management System?

H0: 𝜇𝐵𝐶 = 𝜇𝐵𝐴 = 𝜇𝑅𝐶 = 𝜇𝑅𝐴

H1: The means are not all equal
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Levene’s test for equality of variances showed that we have to
reject the null hypothesis of equal variance between groups (F =
7.29, p < .001). On top of that, all Shapiro-Wilk tests performed
also rejected the null hypotheses for normal distribution, with all
data being right-skewed as can be seen in figure 32 in Appendix
E. Two-way repeated measures ANOVA is known to be robust
against violations of homogeneity of variance (if group sizes are
equal) and normal distributions [5, 63]. However, both assumptions
have been violated in this case, resulting in two non-parametric
two-sided Wilcoxon signed rank tests to test statistical significance
betweenQR code scanning and RFID scanning, and current auditory
feedback and enhanced auditory feedback. Figure 23 shows more
information per condition.

Figure 23: Violin plot effectiveness, showing descriptive sta-
tistics and smoothed distribution shape.

The Wilcoxon signed rank test for scan methods revealed that
errors made were significantly lower during RFID scanning (M =
0.52, SD = 0.73) compared to QR code scanning (M = 1.02, SD =
1.18), T = 472.0, Z = -5.68, p = .004. RFID scanning was 51.0% more
accurate compared to QR code scanning. We can therefore reject
H0 of SQ4.

The Wilcoxon signed rank test for sound design revealed that
errors made with the current sounds (M = 0.88, SD = 1.05) did not
differ significantly from the enhanced auditory feedback (M = 0.67,
SD = 0.86), T = 678.0, Z = -4.73, p = .224.

Lastly, when looking at the interaction plot in figure 24, we
can conclude that no interaction was found between sound design
and scan method for effectiveness, as the lines do not cross and
are almost parallel to each other. We can conclude that only scan
method influences the effectiveness, with RFID being more efficient
compared to QR. Enhanced auditory feedback does not impact the
errors made during the picking process.

8.3 Perceived workload (RTLX)
The sub-question for perceived workload was as follows:
SQ5: How do conventional sounds and enhanced auditory feedback

affect usability in terms of cognitive workload during the scan
process in a Warehouse Management System?

Figure 24: Interaction effect plot of the effectiveness. Error
bars show the 95% confidence interval

H0: 𝜇𝐵𝐶 = 𝜇𝐵𝐴 = 𝜇𝑅𝐶 = 𝜇𝑅𝐴

H1: The means are not all equal
The RTLX score was calculated by taking the average of the six

NASA-TLX dimensions, see appendix C with annoyance excluded.
Levene’s test for equality of variances showed that the variances for
the four conditions were equal (F = 1.30, p = .276). A Shapiro-Wilk
test was performed for every condition and did not show evidence of
non-normality for three out of four conditions. Only RA had a non-
normal distribution (W = .94, p = .021). Based on this outcome, after
a visual examination of the histograms (see figure 33 in Appendix
E, and based on the robustness of ANOVA against violations of
normality, we decided to use a two-way repeated measures ANOVA.
Figure 25 shows more information per condition.

Figure 25: Violin plot perceived workload (RTLX), showing
descriptive statistics and smoothed distribution shape.

There was found one statistically significant effect at the .05
significance level, allowing us to reject H0 for SQ5. The main effect
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for sound type yielded an F (1, 37) = 4.37, p = .043, indicating a
significant difference between the current sounds (M = 30.0, SD
= 16.5) and the enhanced auditory feedback (M = 27.6, SD = 14.1).
The perceived workload of the enhanced auditory feedback was 2.4
points lower compared to the conventional sounds, meaning it is
less demanding.

No statistically significant difference was found between the
two scan methods. QR code scanning (M = 28.1, SD = 15.2) and
RFID scanning (M = 29.5, SD = 15.4) had approximately the same
perceived workload. Besides, although the lines in figure 26 are
not parallel, there was no interaction effect found between sound
design and scan method for the RTLX score, F (1, 37) = 2.24, p = .141.

Figure 26: Interaction effect plot of the perceived workload.
Error bars show the 95% confidence interval

8.3.1 Individual factors RTLX
Besides the calculated RTLX average, significance tests were also
performed on the individual NASA-RTLX factors to get a more
detailed insight. All six factors were non-normally distributed, see
Appendix E table 8 for the scores. All of Levene’s tests failed to
reject the null hypothesis of equal variances between groups, so all
groups have similar variances. As only one parametric assumption
is violated, and two-way repeated measures ANOVA is known to
be robust against non-normality for larger sample sizes, it was still
decided to use this parametric significance test [5]. Figure 27 shows
the mean and standard deviation per factor per condition.

Two statistically significant effects were found at the .05 signifi-
cance level. There was a significant main effect of the scan method
on mental demand, F (1, 37) = 7.73, p = .008. Barcode/QR code scan-
ning (M = 24.3, SD = 20.4) was significantly less mentally demanding
compared to RFID scanning (M = 31.0, SD = 23.4). Besides, there
was a significant main effect of sound design on frustration, F (1,
37) = 4.24, p = .046. The enhanced auditory feedback (M = 24.8,
SD = 20.6) was significantly less frustrating compared to the con-
ventional sounds (M = 29.5, SD = 22.4). No other main effects or
interaction effects were found for the remaining factors.

8.4 Annoyance
The sub-question for annoyance was as follows:
SQ6: How do conventional sounds and enhanced auditory feedback
affect the usability in terms of annoyance during the scan process in

a Warehouse Management System?

H0: 𝜇𝐵𝐶 = 𝜇𝐵𝐴 = 𝜇𝑅𝐶 = 𝜇𝑅𝐴

H1: The means are not all equal
Levene’s test for equality of variances showed that the variances

for the four conditions were equal (F = 0.59, p = .621). A Shapiro-
Wilk test was performed for every condition and showed evidence
of non-normality for all conditions, with RA having the lowest
score (W = .88, p = .001). This is confirmed when looking at the
histograms in figure 34 in Appendix E. However, we decided to
still use a two-way repeated measures ANOVA, as it is known
to be relatively robust to violations of normality. Moreover, if all
distributions exhibit a similar skewness pattern, such as being right-
skewed in this instance, the impact of the violation is mitigated to a
lesser extent [5]. On top of that, the Central Limit Theorem applies
due to the large sample size, where the sampling distribution will
always approximately follow a normal distribution [96]. Lastly, only
one statistical assumption is violated, contrary to the effectiveness
situation where the assumption of homogeneity is violated too.
Figure 28 shows more information per condition.

No statistically significant effects were found at the .05 signifi-
cance level. No main effect was found for the scan method with F (1,
37) = 1.20, p = .281, indicating no significant difference between
QR code scanning (M = 33.2, SD = 25.7) and RFID scanning (M =
29.2, SD = 23.3). No main effect was found for the sound design F (1,
37) = 3.79, p = .059, indicating no significant difference between
the conventional sounds (M = 33.6, SD = 24.4) and the enhanced
auditory feedback (M = 28.8, SD = 24.6). No interaction effect was
found between sound design and scan method for the annoyance,
F (1, 37) = 0.08, p = .772, confirmed by figure 39 in Appendix E,
showing two lines almost parallel to each other.

The p-value of the main effect of the sound design was close
to the significance level, therefore an additional non-parametric
Wilcoxon signed rank test was performed to determine whether
there was a difference in the ranking of the conventional sounds
and enhanced auditory feedback. Results of that analysis indicated
that there was a significant difference between the two conditions,
T = 801.50, Z = -4.16, p = .023, indicating that the enhanced auditory
feedback is less annoying compared to the conventional sounds
and rejecting H0.

8.5 Subjective user rating (SUS)
The sub-question for subjective user rating was as follows:
SQ7: How do conventional sounds and enhanced auditory feedback
affect usability in terms of subjective rating of the scan process in a

Warehouse Management System?

H0: 𝜇𝐵𝐶 = 𝜇𝐵𝐴 = 𝜇𝑅𝐶 = 𝜇𝑅𝐴

H1: The means are not all equal
Levene’s test for equality of variances showed that the variances

for the four conditions were equal (F = 1.15, p = .333). A Shapiro-
Wilk test was performed for every condition, rejecting all null
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Figure 27: Mean and standard deviation per factor per condition for NASA-RTLX.

Figure 28: Violin plot annoyance, showing descriptive statis-
tics and smoothed distribution shape.

hypotheses except for RC (W = .95, p = .101). The distributions in
figure 35 in Appendix E show that most of the data are left-skewed.
As previously stated in the annoyance section, ANOVA tests are
relatively robust to violations of normality. Therefore, two-way
repeated measures ANOVA was performed, but extra attention
was paid to p-values close to the threshold. Figure 29 shows more
information per condition.

There was found one statistically significant effect at the .05
significance level, allowing us to reject H0 for SQ7. QR scanning
(M = 84.1, SD = 12.9) scored significantly higher on the SUS score
compared to RFID scanning (M = 77.1, SD = 17.5), resulting in a
main effect of F (1, 37) = 10.92, p = .002.

No main effect was found for sound design F (1, 37) = 0.63, p
= .431. Therefore, no statistically significant difference was found
between the conventional sounds (M = 79.9, SD = 15.8) and the

Figure 29: Violin plot subjective user rating (SUS), showing
descriptive statistics and smoothed distribution shape.

enhanced auditory feedback (M = 81.3, SD = 15.5). There was also
no interaction effect found between sound design and scan method
for the SUS score, F (1, 37) = 0.72, p = .402.

8.6 Qualitative results
Participants were allowed to leave short notes of feedback after
each condition. With both BC and RC, many participants men-
tioned the fact that the project pop-up did not have the sound they
would expect, as it was the same as an error sound. There was a
sentiment among the participants that BC was overly negative and
discouraging because of the negative beeps. This was better during
the BA condition, where the project pop-up got a more positive
sound. Participants liked this, although someone mentioned the
discrepancy was a bit odd compared to the other sounds in that set.
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Participants mentioned they struggled with the repetitive beep-
ing of the RC condition, not knowing whether they scanned ev-
erything or not. Opinions about the RA condition were divided.
Although people knew better whether they were done or not, they
also struggled with learning the new sounds. They did not know
what was going on and only started to understand better how it
worked during the actual experiment. For some of them, it was
useful, creating a more intuitive scan process, while for others it
increased the confusion and annoyance.

9 Study 3: Validation - Discussion
Table 6 summarizes the significant results of the previous section.
These are used as references in this chapter so the results can be
put into perspective and the implications of the findings can be
discussed. The chapterwill concludewith discussing the experiment
limitations and external validity of the experiment.

9.1 Influence of scan method on usability
Two out of four results were in favor of RFID scanning. RFID scan-
ning turns out to be faster compared to QR code scanning. This
result was aligned with what was expected, as RFID does not need
a direct line of sight and multiple RFID tags can be scanned at once.
This means that RFID is the more efficient way of working and
is able to speed up the warehouse processes by at least 7.3% (see
Limitations section 9.3 for more information). These results are also
in line with previous research telling that RFID enhances overall
warehouse efficiency [95].

RFID turns out to be the more effective scan method too, as less
errors were made during the packing process. This is a striking
result, as one would think that scanning items one by one with
QR code scanning gives a user more control about what has been
scanned and what has not. However, many participants double
scanned QR codes during the experiment, something which does
not happen as frequently with RFID due to the nature of RFID
scanning. The Limitations section 9.3 will discuss this in greater
detail.

The other two significant results were in favor of QR code scan-
ning. QR code scanning is less mentally demanding compared to
RFID scanning. One of the reasons might be the fact that people
are more used to barcode scanning in their daily life. Another rea-
son might be that QR code scanning is seen as the simpler task,
because you get immediate and very understandable feedback after
every single scan that is performed. While using RFID, the user is
less in control of what is actually scanned, making it more men-
tally demanding to understand if all the necessary items have been
processed.

Lastly, QR code scanning has a higher SUS score compared to
RFID scanning. Both scan methods are above 68, which means they
score above average [92]. While RFID falls in the B category (68-
80.3), QR code scanning is in A (>80.3), meaning the latter is in the
highest usability segment. So although RFID turns out to be more
effective and efficient, in terms of mental demand and usability QR
code scanning is preferred which is probably because of its direct
and simplistic nature.

9.2 Influence of sound design on usability
In terms of perceived workload, it has been proven that enhanced
auditory feedback outperforms the conventional sounds for both
QR code and RFID scanning. A lower perceived workload could
potentially be beneficial for increased pleasure at work and less
stress. With the enhanced auditory feedback primarily focused on
improving the three roles of auditory feedback in UI (conveying
information, enhancing UX, and improving accessibility), it is safe
to say that it is useful to implement so users have a more enjoyable
experience and experience less workload. Besides, it is in line with
previous research showing that (useful) information spread over
multiple modalities helps to minimize users’ cognitive load [2].

Enhanced auditory feedback has also proven to be less frustrat-
ing and annoying compared to the conventional sounds. This shows
that a thoughtful sound design could be beneficial for the UX. Defi-
nitely for systems where sounds are heard over a thousand times a
day, this is an incredibly important finding. Having significantly less
frustration and being significantly less annoyed increases the UX,
keeping employees more in the flow, being potentially beneficial
for long-term efficiency or even employee happiness.

These findings are in line with the research by Frauenberger et al.
[36], stating that many UIs fail to fully leverage the potential of
sound, leading to UX issues like frustration incomprehension, and
annoyance. Rentman did not pay much attention to the auditory
feedback in their application so far. However, we have proven that
with more detailed and enhanced auditory feedback, UX issues like
those stated above can be improved in the warehousing domain.

There were no significant results for enhanced auditory feed-
back on efficiency, effectiveness, and SUS. Although participants
said they felt more confident performing a full RFID scan with
the enhanced auditory feedback, time and error-wise this made no
difference. However, there were also no results negatively impact-
ing the enhanced auditory feedback. Like proven before, moving
towards a better multimodal approach enhances usability [99].

9.3 Experiment limitations
While the current experiment contributes valuable insights to the
understanding of both scan methods and sound design in the ware-
housing industry, it is essential to acknowledge several limitations
that may impact the interpretation and generalization of the find-
ings.

Initially, the study sample comprised 35% females, a notewor-
thy proportion given the predominant male demographic in the
industry. Previous interviews exclusively involved male partici-
pants, and the majority of warehouse personnel also consists of
males. Furthermore, the participant pool primarily consisted of
Rentman employees, who do not represent the end users. While
an ideal scenario would involve exclusively end users, logistical
considerations combined with experimental consistency dictated
that the experiment could be conducted solely at Rentman’s office.
Performing the experiment at end user warehouses would intro-
duce confounding factors such as background noises and setup
variations, compromising the reliability and validity of the results.

As can be seen in figure 30, there was a learning effect during the
experiment (see figure 41 in Appendix E for a more detailed version).
On average, participants became faster after each condition, as they
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Table 6: Significant results of experiment 3.

DV IV What Comparison
Efficiency Scan RFID scanning is faster compared to QR code scanning 173s vs. 187s (7.3%)
Effectiveness Scan RFID scanning has fewer errors compared to QR code scanning 0.52 vs. 1.02 (51.0%)

Workload Sound Enhanced auditory feedback has lower perceived workload compared to
conventional sounds 27.6 vs. 30.0 (8.0%)

Workload Scan QR code scanning requires less mental demand compared to RFID scanning 24.3 vs. 31.0 (21.6%)
Workload Sound Enhanced auditory feedback is less frustrating compared to conventional sounds 24.8 vs. 29.5 (15.9%)
Annoyance Sound Enhanced auditory feedback is less annoying compared to conventional sounds 28.8 vs. 33.6 (14.3%)
SUS Scan QR code scanning has higher usability score compared to RFID scanning 84.1 vs. 77.1 (9.1%)

learned where the QR code sticker was, got better at RFID scanning,
and improved their efficiency by picking up items and moving them
from A to B. This learning effect shows the importance that we
carefully randomized the order in which each condition appeared.
All conditions were executed first, second, third, and fourth ap-
proximately an equal number of times. However, it also indicates
that the initial demo and tryout at the beginning of the experiment
might have needed more extensive coverage and attention.

Figure 30: Line chart showing the learning effect over the
different conditions during the experiment. Grey lines show
the average times of the individual conditions, see figure 41
in Appendix E for details.

Because it is a lab experiment and not a field experiment or nat-
ural experiment, it negatively influences the validity of the results.
Recreating a real warehouse setting with the corresponding tasks
was difficult. Although we tried to come as close as possible with
the core tasks of packing equipment items, a full scale experiment
was not possible. In the warehousing industry packing volumes
can be bigger, the work itself is more physically demanding, and
other conditions are less controlled.

RFID has demonstrated to be faster compared to QR code scan-
ning. However, it is anticipated that this disparity would be more
pronounced in a real-world scenario. Consider for instance a flight
case containing 50 small items. When all 50 items must be scanned,
the conventional process entails extracting each item from the case
individually for scanning. In contrast, RFID technology allows for

scanning without the need to open the flight case, and it is envis-
aged that this streamlined process would yield a more substantial
difference than the presently observed 7.3%.

In a real world context it is expected that RFID will exhibit an
increased error rate, leading to a diminished effectiveness. Through-
out the experiment, RFID scan errors manifested as instances of
failing to scan one or multiple equipment items. Conversely, QR
code scanning, involving a click for every equipment item, occa-
sionally resulted in the inadvertent duplication of scans, recorded
as errors. While such errors are circumvented in RFID scanning,
the prospect of missing an equipment item due to a faulty RFID
scan is deemed a more significant error in practical scenarios than
the occurrence of a duplicate QR code scan, which ensures the
verification of item packing. Despite the current substantial 51.0%
advantage favoring RFID scanning, it is anticipated that these dif-
ferences will diminish during actual order picking, potentially even
tilting in favor of QR code scanning.

10 Conclusion
In this section, we will answer our final research question. A short
recap on the sub-questions will be given before we delve into an-
swering the main research question. This recap will serve as a
contextual bridge, paving the way for a comprehensive examina-
tion and insightful answers to the overarching research problem.

10.1 Study 1 - Exploration
During the exploration phase, we focused on answering the follow-
ing sub-question:

SQ1: In what way should enhanced auditory feedback support
different actions of the scan processes on mobile devices in Warehouse

Management Systems compared to the current situation?

Our study uncovered insights across three main thematic areas.
Firstly, the "Current Workflows and Technology Sentiment" theme
illuminated the diverse practices within warehouse operations,
revealing a predominantly positive sentiment toward the Rentman
mobile application. QR codes were seen as reliable, while RFID
technology showcased room for improvement and optimization.

Secondly, the theme "Satisfaction with Current Auditory Feed-
back" emphasized the pivotal role of auditory feedback in user
interactions. Participants underscored the importance of simplicity
and clarity in auditory cues during QR code scanning, which signif-
icantly contributed to efficient order-picking processes. However,
in the context of RFID scanning, the continuous beeping was met
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with negative feedback, highlighting the need for improvements in
this area. Participants expressed a reliance on visual feedback as
little information could be inferred from the RFID sounds.

Lastly, under the theme of "Potential Improvements" participants
provided nuanced suggestions for refining auditory feedback in
both QR code and RFID scanning processes. QR code scanning only
got some minor enhancements, while RFID scanning advocated for
a more streamlined auditory experience, including the introduc-
tion of a start sound, reducing repetitive beeping, and exploring
innovative features like equipment item localization.

These three themes resulted in sound design guidelines, which
are stated in table 3. Key lessons learned that answer SQ1 included
creating a sound pack that is simple, easy to use, easy to learn,
and easy to perceive. Different scan methods could benefit from
different sounds as they require different actions. RFID scanning
could benefit from a slightly more complex sound design as it
requires more complex actions.

10.2 Study 2 - Verification
After the first study, three different sound packs were created which
were evaluated by participants. Every sound set included eight
sounds, see table 4. With those sounds, divided into the categories
"Confirmation Scan", "Errors and Pop-ups", and "RFID sounds", the
following sub-question was answered:
SQ2: How do users perceive and interpret the newly created enhanced
auditory feedback during the different scan processes of a Warehouse

Management System?

In general, there was no single sound set showing superiority
over the others. Each set had its advantages and drawbacks. Al-
though ONG was perceived as the most "successful" overall, not
every sound within that set was the most frequently chosen. Take
for example the confirmation scan. For QR code, ONG was chosen
as the final option, while for RFID scanning FTF was picked most
frequently. Minor adjustments were made to increase consistency
and clarity for both sounds.

A slight majority of the participants preferred error message dif-
ferentiation, making us decide to implement a small error message
hierarchy. ONG was chosen for both error sounds, as it was praised
for its clarity, attention-grabbing, and participants agreed that it
effectively communicated a feeling of error. The project pop-up
sound, however, did not have a clear favorite, and redesigning it
was required.

Participants found the adjustment where a beep was emitted
only for unique RFID tags to be a significant enhancement, reducing
overall annoyance during the process. BNB was favored for RFID
sweep due to its subtle and friendly characteristics. For RFID start,
ONG was chosen despite some negative feedback, leading to slight
redesign adjustments. The RFID cluster sound was more divided,
with FTF ultimately chosen for further development.

Participants showed interest in increasing the number of sounds
in the application, provided they remained short and distinguish-
able. There was also a preference for sound configuration tailored
to company preferences rather than individual users. Participants
emphasized the importance of coherence within a sound set and
suggested RFID tag sound differentiation based on whether an
equipment item is planned on a project or not.

The findings suggest that users generally appreciated the en-
hanced auditory feedback, anticipating improvements in UX and ef-
ficiency. However, there was no unanimous preference for a specific
sound set, highlighting the subjective nature of user preferences.
The study showed valuable insights into the strengths and weak-
nesses of different sounds, informing the researchers’ decisions for
the final sound set. Adjustments were made based on participant
feedback, aiming to strike a balance between clarity, distinction,
and user satisfaction in the auditory feedback design.

10.3 Study 3 - Validation
During the last study, we focused on answering 5 sub-questions
about efficiency, effectiveness, perceived workload, annoyance, and
subjective rating, all related to the usability of auditory feedback
and scan methods in warehouse management systems. The findings
emphasize the importance of considering both technological and
user-centered aspects in designing warehouse systems.

No interaction effects between the independent variables were
observed, indicating that the combined influence of the two vari-
ables did not yield a statistically significant effect. Concerning the
scanmethod, RFID scanning demonstrated both a statistically signif-
icant increase in speed and accuracy compared to QR code scanning.
While the expectation was that RFID would exhibit greater speed,
the revelation of it being the more accurate condition was unex-
pected. It is anticipated that in real-world scenarios, RFID scanning
would further amplify its speed advantage, albeit with a decrease
in accuracy. Conversely, QR code scanning, characterized by lower
mental demand, garnered a higher SUS score. This preference could
be attributed to the widespread familiarity of users with barcode
scanning in their daily routines.

Concerning the sound design, all significant results were in fa-
vor of the enhanced auditory feedback. Users perceived a lower
workload compared to the conventional sounds. On top of that,
users were less annoyed and less frustrated with the enhanced au-
ditory feedback. There were no significant results for efficiency,
effectiveness, and subjective user rating.

10.4 Final conclusion
During the three studies of this research, the conclusion for the
main research question gradually unfolded. The research question
was:
Research question: How does enhanced auditory feedback
impact the usability of equipment scanning on mobile

devices in Warehouse Management Systems?
The amalgamation of these studies provides a comprehensive

perspective on the multifaceted aspects of usability, encompass-
ing both scan methods (QR code and RFID) and sound designs
(conventional and enhanced auditory feedback). The first study, a
preliminary exploration, laid the foundation for subsequent inves-
tigations into the nuanced aspects of usability. Building upon the
insights gained from study 1, the second study introduced a com-
parative analysis of sound designs across both QR code and RFID
scanning methods. The results highlighted the impact of sound
design on UX, indicating that the created guidelines from the first
study could improve usability and verified that some of the created
sounds were liked by the participants. The third study synthesized
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the findings from the previous studies and expanded the investi-
gation to understand the combined impact of scan methods and
sound designs on usability.

The synthesis of these studies underscores the intricate interplay
between scan methods and sound designs in shaping the best usabil-
ity within WMS. RFID scanning emerged as a frontrunner in terms
of efficiency and accuracy, while QR code scanning demonstrated
user-centric advantages. Enhanced auditory feedback proved influ-
ential in mitigating negative emotional responses and enhancing
UX.

The cumulative findings advocate for a nuanced approach to
usability inWMS, recognizing the diverse preferences and priorities
of users. If efficiency and accuracy are most important, RFID is
the recommended scanning method. If subjective user rating and
mental demand are your priority, one should use QR code scanning.
However, likely, there will always be an interplay as most users
will use both methods in their warehouses with QR codes being
used as back-up for RFID.

Lastly, as results have shown, enhanced auditory feedback does
not have negative effects. The lower perceived workload, with less
annoyance and frustration, could result in a more enjoyable work-
ing experience. Although it is difficult to design auditory principles
similar to the well-known visual Gestalt principles, table 3 could
serve as a high-level framework for optimizing usability via en-
hanced auditory feedback for WMSs. As can be seen by the results
of the second study, there is no one-size-fits-all solution or golden
standard, but iterating and verifying the created sound set is always
necessary to ensure a user-centered design with maximum usability
benefits. In conclusion, it has become clear that spending resources
on getting an enhanced auditory feedback system is beneficial for
usability.

10.5 Implications
As prior research stated, technology can be used to increase job
satisfaction and reduce employee turnover, which is currently an
important challenge in the warehousing industry [46, 68]. With
our results, we can conclude it makes sense to spend resources on
enhanced auditory feedback to increase the employee’s emotional
well-being, as it decreases perceived workload, annoyance, and
frustration. This might lead to higher job satisfaction, by creating
a working environment that is less austere and stressful. This im-
plication has similarities with findings from a study by Beckham
et al. [9], where they conclude that "any positive association [re-
garding multimodality] that can be made with a repetitive motion
job should be of interest to management given the high rate of
turnover in material- and package-handling positions."

Furthermore, our contribution extends to advancing research on
the usability of emerging technologies in the warehouse industry.
Typically, such aspects, definitely in combination with audio, are
scarcely analyzed. However, our investigation takes a step in the
right direction, providing a foundation for future studies and serv-
ing as inspiration for further research endeavors in this domain by
filling a critical usability knowledge gap.

The integration of enhanced auditory feedback as a usability cat-
alyst echoes the insights from Absar and Guastavino [2], affirming
that a thoughtful sound design contributes to a more enjoyable user

experience and aids in minimizing cognitive load. Our research
extends this understanding to the specific context of WMSs, empha-
sizing the role of enhanced auditory feedback in reducing perceived
workload, frustration, and annoyance. This aligns with the asserta-
tion by Wechsung and Naumann [99] that a multimodal approach,
including auditory feedback, enhances usability.

While RFID may excel in effectiveness and efficiency, QR code
scanning, with its higher SUS score and lower mental demand, re-
flects the user-centric aspect. Besides, enhanced auditory feedback
is better for the emotional well-being of the users. Our research
approach considers not only task completion metrics but also the
users’ subjective experiences, ensuring a more comprehensive eval-
uation of usability by also looking more at the human side of the
usability spectrum. Definitely in the warehousing domain, where
employee turnover is high, a more user-focused evaluation of us-
ability is necessary to increase job satisfaction.

In conclusion, our research offers a framework for optimizing
WMS usability. While previous research has barely covered a full
usability scope, our research serves as an inspiration to fully cover
the usability aspect, as significant results have been found for all
usability parts, including user satisfaction on multiple levels. This
framework not only focuses on efficiency and effectiveness but also
highlights the importance of testing user satisfaction, which in turn
could positively influence ongoing warehouse challenges like job
satisfaction and minimizing warehousing costs by reducing em-
ployee turnover. The three-step structure we followed for designing
and testing auditory feedback has proven fruitful and we would
recommend following a similar pattern for comparable studies. The
integration of RFID efficiency, QR code user-friendliness, and en-
hanced auditory feedback emotional well-being provides a nuanced
approach to addressing the diverse needs and preferences of users.
Although there is not a one-size-fits-all solution, we were able to
stress the importance of certain features and functionalities that
could increase usability in the warehousing domain. Our implica-
tions bridge empirical findings with established literature, offering
a robust foundation for refining WMS practices and enhancing
the overall usability of mobile equipment scanning in warehouse
environments.

10.6 Future work
Our current study has unveiled several options for future research.
Next, potential directions for extending and building upon our
current investigation, as well as areas where our study opens new
possibilities for exploration will be discussed.

Our study focused solely on the influence of enhanced audi-
tory feedback including visual feedback. Future research could
explore the integration of haptic feedback, to assess how a holis-
tic multimodal approach enhances usability. Studying three com-
bined modalities could provide a comprehensive understanding of
the most effective design principles for WMS interfaces. Although
Beckham et al. [9] have performed research about multimodality
including haptics for barcode scanning, they have not yet done any
research including RFID scanning, which could be an interesting
addition.

Secondly, conducting studies in real-world warehouse environ-
ments, besides an artificially controlled lab setting, is crucial. Future
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research should aim to validate our findings by implementing the
proposed feedback in authentic warehouse scenarios. This would
involve considering factors such as variable noise levels, different
warehouse layouts, and the physical demands of the work environ-
ment. Researching different warehouses, from small-scale storage
facilities to large distribution centers, could enhance the generaliz-
ability of our findings.

Our study captured only a very short usability timeframe. A lon-
gitudinal investigation could assess how users’ experiences evolve
over an extended period of system usage. It would allow us to
see whether there is any novelty effect regarding both RFID scan-
ning and enhanced auditory feedback, offering a more nuanced
understanding of the long-term impact on usability.

Lastly, comparative analyses with other industries that employ
similar scanning and feedback systems could be performed, provid-
ing valuable benchmarks. This approach could help identify best
practices, lessons learned, and potential transferable insights for
optimizing usability in not only the warehousing domain, but also
domains like retail, transport, and healthcare.

As technology and user preferences evolve, our research un-
derscores the importance of continuous exploration. It serves as a
foundational step in the exploration of usability in WMSs. By ad-
dressing these potential future research directions, we can continue
to advance the field and ensure that WMS interfaces are designed
to maximize efficiency, minimize errors, and enhance overall user
satisfaction in the dynamic and evolving landscape of warehouse
operations.
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A Appendix - Semi-structured interview -
EN

Sub-question to be answered:

In what way should enhanced auditory feedback support scan
processes on mobile devices in Warehouse Management Systems

compared to current situation?

General questions
• Can you describe how you currently use the RentmanMobile
App in your warehouse processes?

• How does the scanning process differ between barcode scan-
ning and RFID scanning?

• How is it currently clear to you that you are scanning with
barcode and RFID?

• Can you describe your current experience with the app when
using it for your warehouse processes?

Current auditory feedback
• What are your current experiences regarding auditory feed-
back during barcode scanning?

• What are your current experiences regarding auditory feed-
back during RFID scanning?

• How much do you rely on this auditory feedback?
• Can you describe any specific challenges or limitations you
have encountered with the current auditory feedback during
the scan processes in your warehouse?

• Can you identify any specific events where the current audi-
tory feedback system has led to confusion or misunderstand-
ing during scan processes?

• What do you think of the auditory feedback currently added
to the error messages in Rentman?

Improved auditory feedback
• During which scan processes would you expect improved
auditory feedback? Does this differ between barcode and
RFID scanning?

• How do you think enhanced auditory feedback can improve
your scan processes compared to the current situation?
– Do you see any potential benefits regarding error reduc-
tion, task completion time, or overall user experience?

• What timing and frequency of auditory feedback do you
think would be most effective in supporting the scan pro-
cesses?

• In your opinion, what types of sounds would be most helpful
in enhancing the barcode scan processes on mobile devices
in a Warehouse Management System?

• In your opinion, what types of sounds would be most helpful
in enhancing the RFID scan processes on mobile devices in
a Warehouse Management System?

• How can the auditory feedback of error messages be im-
proved? Should there be more distinction?

• Are there any concerns or potential drawbacks you anticipate
with the integration of enhanced auditory feedback during
scan processes on mobile devices?

• What benefits can you foresee with improved auditory feed-
back and do you see the added value of these?

• Can you think of any specific recommendations or sugges-
tions for designing and implementing enhanced auditory
feedback to optimize the scan processes on mobile devices
in a Warehouse Management System?

Semi-structured interview - NL
Subvraag om te beantwoorden:

Op welke manier moet verbeterde auditieve feedback
scanprocessen op mobiele apparaten in Warehouse Management
Systemen ondersteunen in vergelijking met de huidige situatie?

Algemene vragen
• Kan je beschrijven hoe je momenteel werkt met de Rentman
Mobiele App in jouw magazijn processen?

• Hoe verschilt het scanproces tussen barcode en RFID scan-
nen?

• Hoe is het voor jou momenteel duidelijk dat je aan het scan-
nen bent met barcode en RFID?

• Kan je jouw huidige ervaring omschrijven met de app als
het aankomt op de processen in het magazijn?

Huidige auditieve feedback
• Wat zijn jouw huidige ervaringen met betrekking tot audi-
tieve feedback tijdens het scannen met barcodes?

• Wat zijn jouw huidige ervaringen met betrekking tot audi-
tieve feedback tijdens het scannen met RFID?

• In hoeverre vertrouw je op deze auditieve feedback?
• Kan je specifieke uitdagingen of beperkingen beschrijven
die je bent tegengekomen met de huidige auditieve feedback
tijdens de scanprocessen in het magazijn?

• Kan je bepaalde acties of situaties noemen waar de auditieve
feedback tot verwarring of onbegrip heeft geleid?

• Wat vind je van de huidige auditieve feedback van fout-
meldingen in Rentman?

Verbeterde auditieve feedback
• Wanneer zou je verbeterde auditieve feedback verwachten
in het scanproces? Verschilt dit tussen barcode en RFID scan-
nen?

• Hoe denk je dat verbeterde auditieve feedback jouw scan-
proces kan verbeteren ten opzichte van de huidige situatie?
– Zie je enkele voordelen wat betreft minder fouten, sneller
klaar zijn met je taak, of de algemene gebruikerservaring?

• Welke timing en frequentie van deze auditieve feedback denk
je dat het meest effectief is tijdens het scanproces?

• Wat voor soort geluiden zouden het nuttigst zijn tijdens het
scannen met de barcode op een mobiele scanner?

• Wat voor soort geluiden zouden het nuttigst zijn tijdens het
scannen met RFID op een mobiele scanner?

• Hoe kan de auditieve feedback van foutmeldingen verbeterd
worden denk je? Moet hier meer onderscheid in komen?

• Heb je momenteel bepaalde zorgen of nadelen die je kan
voorzien met deze verbeterde auditieve feedback tijdens de
scanprocessen?
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• Welke voordelen kan je voorzien met verbeterde auditieve
feedback en zie je hier de meerwaarde van in?

• Heb je specifieke aanraders/suggesties voor het designen en
implementeren van de verbeterde auditieve feedback om het
scanproces te optimaliseren?
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B Appendix - Contextual inquiry - EN
Sub-question to be answered:
How do users perceive and interpret the earcons of the different

actions required in the scan processes of a Warehouse
Management System?

Part 1 - The Primer
• Introduction
• Express what hopefully will be achieved
• Discuss confidentiality
• Shortly mention the topic already

Part 2 - The Transition
• Explicitly state the transition from the introduction to the
almost contextual interview.

• Explain what will happen and how interruptions work

Part 3 - The Contextual Interview
Useful questions for both during and after the think-aloud of the
sound set to evaluate the sounds in that set:

• Why do you take this action?
• How did you interpret the auditory feedback during this
task?

• Is it clear what must happen right now?
• How does this sound make you feel?
• Could you distinguish this sound from the previous one?
• Did the auditory feedback effectively guide you through the
task? Why or why not?

• How would you describe the characteristics of the sound
you heard?

• What is your opinion about this sound set in general?
• What did you like about this sound set?
• What did you dislike about this sound set?
• Were there any sounds that stood out to you? Both in a
negative or positive way?

• Were there any sounds difficult to perceive?
• Were there sounds too similar to each other?
• Were there instances when you misunderstood or misinter-
preted the auditory feedback?

• Based on your current experience, do you have any sugges-
tions for improving certain sounds?

Part 4 - The Wrap-up
Now the final semi-structured interview is performed. Below are
the questions used during this interview:

General feedback
• What did you think of the overall application?
• What did you think of the amount of new sounds? Too many,
just right, or too few?

• Do you think the usability of the application has increased
with this new auditory feedback?

• Would you expect to work more efficiently with this new
auditory feedback?

• Would you prefer to configure these sounds yourself in the
future?

QR scan sounds

• Which QR code scan sound did you like the most? Why?
• What do you find important about the sound of a QR code
scan?

• Would you like to use one of these sounds permanently in
the future?

• Do you have any improvements left for your preferred QR
code scan sound?

RFID scan sounds

• What do you think of the four moments where sounds are
implemented to RFID right now? So the start sound, sonar
sound, tag sound, and cluster sound?

• Were these four moments of auditory feedback useful for
you during the scan process?

• Would other actions/moments require additional auditory
feedback too?

• Which RFID start sound did you prefer? Why?
• Which RFID tag sound did you prefer? Why?
• Which RFID sonar sound did you prefer? Why?
• Which RFID cluster sound did you prefer? Why?
• What do you find important about the sound during RFID
scanning?

• Do you think your user experience got better with this new
auditory feedback?

• Would you like to use these sounds permanently in the fu-
ture?

Error/Pop-up sounds

• What is your opinion about the fact that there are now three
different sounds for pop-ups?

• Was there a clear distinction between the different pop-ups?
• Which sound set of error messages/pop-ups did you prefer
most? Why?

• Would you like to change things from that set?
• Did you feel that certain sounds drew your attention more
than others?

• Was the distinction between the different notifications clear
to you?

• Did you feel that after hearing the sound, you knew what
was on your screen?

• Did these sounds improve your user experience?

Contextual onderzoek - NL
Subvraag om te beantwoorden:

Hoe zien en interpreteren gebruikers de verbeterde earcons en
auditieve iconen van de verschillende acties die nodig zijn in de

scanprocessen van een Warehouse Management Systeem

Deel 1 - De Inleiding
• Introductie
• Vertellen wat we hopelijk zullen behalen
• Bespreek vertrouwelijkheid
• Benoem kort het onderwerp
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Deel 2 - De Overgang
• Benadruk duidelijk dat dit de overgang is van de introductie
naar bijna het contextueel interview

• Leg uit wat er gaat gebeuren en hoe onderbrekingen werken

Deel 3 - Het Contextueel Interview
Een aantal vragen die nuttig kunnen zijn tijdens dit proces:

• Waarom neem je deze actie?
• Hoe interpreteerde je het geluid tijdens deze taak?
• Is het duidelijk wat er nu moet gebeuren?
• Wat voor gevoel krijg je bij dit geluid?
• Kan je dit geluid goed onderscheiden van het vorige geluid?
• Heeft de auditieve feedback je efficiënt door de taak begeleid?
Waarom wel of waarom niet?

• Hoe zou je de kenmerken van de geluiden beschrijven die je
zojuist hebt gehoord?

• Wat is jouw mening over deze geluidsset in algemene zin?
• Wat vond je goed aan deze geluidsset?
• Wat vond je minder goed aan deze geluidsset?
• Waren er geluiden die er voor jou uitsprongen? In zowel een
positieve als negatieve zin.

• Waren er bepaalde geluiden moeilijk waar te nemen?
• Waren er geluiden die te veel op elkaar leken?
• Waren er gevallen waar je de auditieve feedback niet begreep
of verkeerd interpreteerde?

• Gebaseerd op jouw huidige ervaring, heb je suggesties om
bepaalde geluiden te verbeteren?

Deel 4 - De Afronding
Nu wordt het laatste gedeelte van het semi-structured interview
gehouden. Hieronder staan de vragen van dit interview:

Algemene feedback
• Wat vind je van de applicatie in algemene zin?
• Wat vind je van de hoeveelheid nieuwe geluiden? Is dat te
veel, goed, of te weinig?

• Denk je dat de bruikbaarheid van de applicatie is verbeterd
met deze nieuwe auditieve feedback?

• Verwacht je efficiënter te kunnen werken met deze nieuwe
audio feedback?

• Zou je het fijn vinden zelf de geluiden te kunnen configureren
in de toekomst?

QR scan geluiden
• Welk QR code scan geluid vond je het fijnst? Waarom?
• Wat vind je belangrijk aan het geluid van een QR code scan?
• Zou je een van deze geluiden permanent willen gebruiken
in de Rentman app?

• Heb je verbeterpunten voor het QR code scan geluid?

RFID Scannen
• Wat vind je van de 4 momenten waarop er nu RFID geluiden
zijn? Dus de start, sonar, tag scan en het cluster geluid?

• Zijn deze 4 momenten van auditieve feedback nuttig geweest
voor jou?

• Zou er nog op andere plekken auditieve feedback moeten
komen?

• Welk RFID start geluid vond je het fijnst? Waarom?
• Welk RFID tag geluid vond je het fijnst? Waarom?
• Welk RFID sonar geluid vond je het fijnst? Waarom?
• Welk RFID cluster geluid vond je het fijnst? Waarom?
• Wat vind je belangrijk aan de geluiden tijdens RFID scannen?
• Vind je dat jouw gebruikerservaring is verbeterd met deze
nieuwe feedback?

• Zou je deze geluiden permanent willen gebruiken in de Rent-
man app?

Error/Pop-up
• Wat vind je van het feit dat er drie verschillende meldingen
zijn voor pop-ups?

• Was het onderscheid tussen de verschillende pop-ups voor
jou duidelijk?

• Welke set van pop-ups/foutmeldingen vond je het fijnst?
Waarom?

• Zou je dingen anders willen zien aan die set?
• Had je het gevoel dat bepaalde geluiden jouw aandacht meer
trokken dan andere?

• Was het onderscheid tussen de verschillende meldingen voor
jou duidelijk?

• Kreeg je het gevoel dat je na het horen van het geluid wist
wat er op jouw scherm te zien was?

• Hebben deze geluiden jouw gebruikerservaring verbeterd?
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C Appendix - NASA-TLX
Name:
Condition:

Mental Demand How mentally demanding was the task?

Very Low Very High

Physical Demand How physically demanding was the task?

Very Low Very High

Temporal Demand How hurried or rushed was the pace of the task?

Very Low Very High

Annoyance How annoyed were you?

Very Low Very High

Performance How successful were you in accomplishing what you were asked to do?

Very Low Very High

Effort How hard did you have to work to accomplish your level of performance?

Very Low Very High

Frustration How insecure, discouraged, irritated, and stressed were you?

Very Low Very High
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D Appendix - SUS questionnaire
Instructions
For each of the following statements, please indicate your level of agreement by circling the appropriate number on the scale from 1 to 5,
where 1 means "Strongly Disagree" and 5 means "Strongly Agree".

Questionnaire
(1) I think that I would like to use this application with auditory feedback frequently.
(2) I found the application with auditory feedback unnecessarily complex.
(3) I thought the application with auditory feedback was easy to use.
(4) I think that I would need the support of a technical person to be able to use this application with auditory feedback.
(5) I found the various functions in this application with auditory feedback were well integrated.
(6) I thought there was too much inconsistency in this application with auditory feedback.
(7) I would imagine that most people would learn to use this application with auditory feedback very quickly.
(8) I found the application with auditory feedback very cumbersome to use.
(9) I felt very confident using the application with auditory feedback.
(10) I needed to learn a lot of things before I could get going with this application with auditory feedback.
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E Appendix - Results Data Distribution
E.1 Shapiro-Wilk
E.1.1 Shapiro-Wilk Dependent Variables

Table 7: Shapiro-Wilk for all dependent variables (DV) with all conditions.

DV -> Efficiency Effectiveness TLX Annoyance SUS
Statistic Sig. Statistic Sig. Statistic Sig. Statistic Sig. Statistic Sig.

BC .976 .539 .789 <.001 .963 .199 .915 .005 .987 .001
BA .951 .073 .798 <.001 .961 .173 .910 .003 .916 .005
RC .978 .596 .710 <.001 .955 .107 .931 .015 .955 .101
RA .962 .183 .668 <.001 .935 .021 .884 .001 .896 .001

E.1.2 Shapiro-Wilk TLX Factors

Table 8: Shapiro-Wilk for all TLX factors with all conditions.

TLX Factor Mental demand Physical demand Temporal demand Performance Effort Frustration
Statistic Sig. Statistic Sig. Statistic Sig. Statistic Sig. Statistic Sig. Statistic Sig.

BC .786 <.001 .835 <.001 .927 .012 .876 <.001 .921 .008 .902 .002
BA .881 <.001 .883 <.001 .922 .008 .884 <.001 .920 .007 .878 <.001
RC .899 .002 .861 <.001 .911 .004 .897 .001 .923 .009 .894 .001
RA .907 .003 .857 <.001 .932 .017 .880 <.001 .942 .037 .865 <.001
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E.2 Histograms
E.2.1 Efficiency

Figure 31: Histogram of the distribution of the efficiency data.

E.2.2 Effectiveness

Figure 32: Histogram of the distribution of the effectiveness data.

E.2.3 Perceived Workload (TLX)

Figure 33: Histogram of the distribution of the TLX score data.

58



Master’s Thesis Project ’24, January 19, 2024, Utrecht University

E.2.4 Annoyance

Figure 34: Histogram of the distribution of the annoyance data.

E.2.5 Subjective user rating (SUS)

Figure 35: Histogram of the distribution of the SUS data.
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E.3 Interaction plots
E.3.1 Efficiency

Figure 36: Interaction plot of efficiency.

E.3.2 Effectiveness

Figure 37: Interaction plot of effectiveness.

E.3.3 Perceived Workload (TLX)

Figure 38: Interaction plot of TLX score.

E.3.4 Annoyance

Figure 39: Interaction plot of annoyance.

E.3.5 Subjective user rating (SUS)

Figure 40: Interaction plot of SUS score.
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E.4 Learning effect

Figure 41: Learning effect during the experiment. Shows av-
erage time when a condition was performed first, second,
third, or fourth in the experiment.
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