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Figure 1: We propose a wearable system that guides users to notice hidden textures in everyday sounds. (a) With the device o!, 
the user’s initial perception of an everyday sound (e.g., electric toothbrush) is dominated by a few characteristics, as re"ected in 
their drawings. (b) With the device on, the system identi#es and ampli#es hidden textures in real time, cueing attention to 
these details. (c) After the device is turned o!, the user temporarily notices new details when they hear the same sound again 
(i.e., reperceive). Sound drawings in this #gure are traced from a participant’s drawings in Study #2. 

Abstract 
Ubiquitous hearable devices often prioritize digital immersion by 
suppressing real-world sounds, distancing users from their physical 
surroundings. Conversely, noticing rich acoustic details in everyday 
sounds brings bene!ts such as supporting mindfulness and foster-
ing musical appreciation. We explore how hearables can sca"old 
users to hear “more” of their everyday soundscapes. We present a 
wearable system that identi!es hidden textures in everyday sounds, 
speci!cally overtones that shape timbre but are often perceptually 
hidden. Grounded in prior literature in auditory cueing, the sys-
tem ampli!es these overlooked textures in real time to produce a 
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short-term attentional shift, enabling users to continue noticing 
these details after device use. We evaluated the system through two 
studies. A psychoacoustic study (n = 32) showed that the overtone 
textures detected by our system could be e"ectively cued. Across 
10 sounds, participants showed a 13% improvement in detecting the 
overtone texture immediately after one-time cueing. These results 
were further validated by an in-lab user study (n = 12), where partic-
ipants wore the system while interacting with everyday objects. In 
69% of trials, participants reported that cued texture became more 
perceptually salient after using the device than before. Qualitative 
accounts further suggested that the device use could encourage 
participants to form new mental associations with familiar sounds. 

CCS Concepts 
• Human-centered computing → Sound-based input / output. 
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1 Introduction 
Hearable devices, such as earbuds, have become ubiquitous in ev-
eryday life [25], continuously mediating how users perceive their 
acoustic environment. Noise cancellation remains the dominant 
operating mode, suppressing environmental sounds to enhance 
immersion in digital content [54, 69]. While e!ective for reduc-
ing distraction, constantly attenuating real-world sounds distances 
users from their immediate soundscapes [6, 34, 66]. 

Being able to notice rich details in everyday sounds can o!er 
many bene"ts. For instance, sounds from routine activities as sim-
ple as tooth brushing or cooking can become anchors for foster-
ing mindfulness, directing user attention back to the the present 
moment when it drifts [19, 20, 60]. Similarly, attending to natu-
ral soundscapes, such as birdsong, can facilitate recovery from 
stress [14, 55]. Everyday sounds also serve as a rich source of cre-
ative inspiration, with musicians blending everyday acoustic details 
into their compositions [18, 49]. Despite the bene"ts, everyday lis-
tening is typically goal-directed; we tend to focus on functional 
meanings of sounds (e.g., “a running microwave”) rather than ap-
preciate their underlying sonic textures [16]. Even when sounds are 
physically complex, auditory perception tends to be dominated by 
a few characteristics, such as primary pitch, leaving "ner spectral 
details to become perceptually fused and remain hidden [22, 51, 52]. 

Prior work on hearables for supporting awareness of every-
day sounds has largely focused on mediating auditory experiences 
during device use—for example, isolating speech in noisy environ-
ments [9], selectively "ltering environmental sounds using text 
input [64], or amplifying subtle sounds produced by hand interac-
tions [60]. However, these solutions con"ne heightened awareness 
of auditory details to periods of device use: once it is removed, the 
auditory richness it reveals often becomes inaccessible again. 

We explore an alternative role for hearables as temporary scaf-
folds that redirect users’ attention toward overlooked acoustic tex-
tures beyond device use. Our approach is grounded in auditory 
cueing [18, 49], using preview cues to guide attention toward tar-
get frequency ranges. Speci"cally, we introduce a wearable system 
that ampli"es and plays back perceptually hidden acoustic tex-
tures in real time to induce a short-term attentional shift, enabling 
users to continue noticing these details after device use. The sys-
tem continuously monitors the acoustic environment to estimate 
the primary pitch and identify candidate acoustic components. As 
an initial investigation, we focus on overtones—tonal components 
that shape the timbre of everyday sounds but are often perceptu-
ally fused with the primary pitch [51]. A real-time psychoacoustic 
model evaluates the perceptual accessibility of each overtone by 
accounting for factors such as perceived loudness, resolvability, and 
masking. The system then isolates, ampli"es, and plays back the 
most perceptually accessible overtone to the user. 

We conducted two studies to evaluate the proposed system. In 
Study #1 (n = 32), we adopted a psychoacoustic approach to de-
termine whether the overtone textures identi"ed by our system 
could be e!ectively cued. We utilized a two-interval, two-alternative 
forced-choice (2I-2AFC) paradigm to quantitatively assess how a 
single, one-o! cueing could in#uence perceptual experiences. Ag-
gregated over 10 everyday sounds, participants showed a signi"cant 
increase in detection of overtone texture immediately after cue-
ing compared to the baseline, with accuracy improved by 13%. In 
contrast, a control group that received a sham cue (a tone shifted 
from the target overtone) showed no such improvement, con"rm-
ing that the e!ect is not due to general task familiarization. The 
improvement in detection was no longer observed 5 minutes after, 
suggesting a short-term e!ect induced by brief cueing. 

In Study #2 (n = 12), we conducted a within-subjects study to 
evaluate the device use in-lab. Participants interacted with three 
common household objects (e.g., an electric toothbrush) before, 
during, and after the system ampli"ed an overtone texture. In 25 
of the 36 trials (69%), participants reported that the cued texture 
became more perceptually salient after the device was turned o!, 
as compared to the pre-device session. The attentional shift was ev-
idenced by their drawings and descriptions of the sounds. Through 
analyzing participants’ self-report responses, we also observed that 
reperceiving everyday sounds with hidden details has the potential 
to prompt new mental associations with familiar sounds. 

We envision that hearables sca!olding users’ attention toward 
overlooked acoustic textures beyond device use could enable sev-
eral applications. First, it could support users in leveraging "ner 
textures in everyday sounds as anchors for mindfulness in daily 
activities. In stressful acoustic environments, such as MRI scanners, 
such systems could preemptively cue users to direct their attention 
toward less overwhelming acoustic textures. Finally, such systems 
could help everyday listeners cultivate a deeper appreciation of 
music by drawing attention to subtle timbre details that are often 
only available to trained ears. 

2 Related Work 
2.1 Hearables that Mediate Everyday Perception 
Hearables can be broadly categorized into two types: (1) assistive 
devices that compensate for hearing loss, such as hearing aids 
and cochlear implants [11, 12, 45, 72], and (2) devices that alter or 
augment the auditory environment for task-based purposes, such 
as media consumption [25, 54, 69]. This paper focuses speci"cally 
on the second category of consumer hearables. 

Devices such as earbuds and headphones have become increas-
ingly ubiquitous in everyday life [25]. These systems actively me-
diate how we perceive the real world [59]. However, just as smart-
phones draw users’ attention toward digital content and reduce 
awareness of physical surroundings, the mediation of auditory 
perception raises important concerns in digital well-being. 

When digital auditory content, such as music and podcasts, 
competes with environmental sounds for attention, hearables of-
ten prioritize immersion by e!ectively “canceling out” real-world 
sounds [28, 54, 69]. Such media immersion can reduce users’ aware-
ness of environmental changes, thereby increasing risks during 
activities such as walking in tra$c or crossing roads [31, 34, 41]. 

https://doi.org/10.1145/3830398.3830551
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Even in “transparency” mode—where external sounds are captured, 
processed, and played back to the user in real time without active 
noise cancellation—perception of real-world auditory cues remains 
compromised [6, 48, 66]. For example, Watanabe et al. reported that 
sound localization accuracy decreases from 91.5% with unaided ear 
to 68.9% when using hearables on transparency mode [66]. 

2.2 Bene!ts of Noticing Auditory Details 
While hearable devices often cancel out real-world sounds, the 
ability to notice rich sensory cues in our environment can o!er 
many bene"ts. One direct association is with mindfulness prac-
tices, cultivating attention and openness to present-moment ex-
periences [7, 10]. Being able to notice present-moment auditory 
cues, from one’s own breath to the movement of a hand, can help 
redirect users’ thoughts from ruminating about the past or the 
future back to the present moment, thus creating a sense of calm-
ness [15, 20, 32, 73]. Mindfulness practices are found e!ective to 
intervene emotional distress [46, 56] and enhance psychological 
well-being [37, 53]. Similarly, directing attention to natural sound-
scapes, such as birdsong, has been shown to facilitate recovery from 
stress [14, 55]. More broadly, attending to the sensory richness of 
everyday experiences has been identi"ed as a fundamental compo-
nent of beautiful experiences, with multisensory engagement that 
captures and sustains attention playing a central role [27, 35]. 

From an auditory perspective, the perception of sound quali-
ties, such as timbre and pitch, also constitutes a form of musical 
listening[16, 51]. In this context, everyday sounds can become a 
source of musical appreciation [5]; musicians frequently draw in-
spiration from these acoustic components, incorporating them into 
compositions and improvisation practices [67, 70]. 

2.3 Hearables to Deepen Sensory Awareness 
How can hearables deepen users’ awareness of rich auditory cues 
in everyday sounds, rather than suppressing them? 

Prior work tackling this question has focused on how hear-
ables can augment user awareness during the device use. This 
includes interfaces that help users perceive speech in noisy en-
vironments [8, 9, 65]. For example, SoundBubbles demonstrates 
how spatial "ltering can isolate and enhance speci"c speakers [9]. 
Emerging research has further explored heightening awareness 
of non-speech soundscapes. For instance, Semantic Hearing [64] 
enables users to selectively "lter environmental sounds using text 
input, such as suppressing tra#c noise to foreground bird chirping. 
Tao et al. developed a wearable system that ampli"es subtle sounds 
produced by hand movement (e.g., "ngers sliding through surfaces) 
to encourage attention to ongoing actions [60]. GutIO transforms 
abdominal sounds into haptic feedback to enhance interoceptive 
awareness of internal bodily sensations [42]. 

While prior work has shown great promise, the heightened 
awareness enabled by these systems remains only e!ective while 
the device is in use: once the hearable is removed, the rich auditory 
cues it reveals become inaccessible again. We instead explore an al-
ternative role for hearables as temporary sca!olds that guide users 
to notice the rich acoustic textures of everyday sounds even after 
the device is removed. As an initial step toward this broader goal, 
we focus on short-term attentional shift as users hear the same 
sounds (i.e., reperceive) after device use. 

3 Working Principles: Cueing to Reveal Hidden 
Texture in Everyday Sounds 

Our work builds upon prior literature in auditory cueing to explore 
how hearables can sca!old users to notice rich texture in everyday 
sounds beyond device use. 

In psychoacoustics, a cue acts as a guiding stimulus that directs 
listeners’ attention toward an appropriate frequency, thereby re-
ducing uncertainty when processing auditory information [18, 49]. 
This mechanism is frequently utilized to investigate the human 
capacity to detect, or “hear out,” target tones embedded in a mix-
ture of noises [23, 26, 39, 40, 47]. In these previous studies, cue-
ing e!ects are typically evaluated in highly controlled setups us-
ing synthetic stimuli, such as sinusoidal tones embedded within 
carefully constructed masking noise, to understand the perceptual 
limits. Researchers have explored a range of cueing mechanisms, 
including visual cues, multitone signals or cues based on tonal 
patterns [23, 24, 26]. Among these, providing an auditory preview 
that matches the exact frequency of a target component has been 
shown to be particularly e!ective in facilitating its detection [26, 49]. 
Moreover, prior work has examined how di!erent pulsing struc-
tures—such as presenting the cue or target as a rhythmic sequence 
rather than a continuous sound—further in$uence the detectability 
of these information [39, 40]. 

Figure 2: Spectrogram of the from a singing bowl hit. The x-
axis represents time, and the y-axis represents frequency.(a) 
Normally, our perception is dominated by the fundamental 
tone. (b) The overtones that lie above it are perceptually 
fused. (c) Through cueing, our system ampli!es the most 
perceptually accessible overtone. 

We extend cueing techniques to everyday listening contexts with 
hearables. As the "rst step, we focus on the overtone texture in 
everyday sounds. Figure 2(a) shows the spectrogram of the sound 
produced by a singing bowl hit, a common household object used 
for mindfulness practices. The acoustic pro"le is dominated by 
its fundamental frequency at approximately 546 Hz. However, the 
singing bowl also creates a series of higher-frequency overtones that 
lie above this fundamental, as shown in Figure 2(b). For instance, the 
second-order overtone at around 1540 Hz exhibits a distinct pulsing 
structure. For everyday listeners, these overtones are perceptually 
fused with the main pitch and remain e!ectively "hidden." 

Through cueing, our device identi"es the most perceptually ac-
cessible overtones (in the singing bowl example, the 2nd order over-
tone) and guides users’ attention to these previously hidden acous-
tic textures. Speci"cally, the system isolates individual overtones 
and ampli"es them by applying digital gain. The initial prototype 
identi"es the overtones that are the most perceptually accessible 
by considering loudness, resolvability and masking. By playing 
back these texture to users in real time, the device provides a cue 
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analogous to auditory preview techniques in the psychoacoustics 
literature. The goal is to induce a short-term attentional shift. After 
the device is turned o! and users listen to the same signing bowl 
sounds again (i.e., reperceive), they now hear the higher-frequency 
overtones becoming more salient. 

4 System Implementation 
4.1 Hardware Setup 
Figure 3 illustrates the hardware setup of the system. The input 
device consists of a neckband equipped with two microphones; 
speci"cally, we use Sonic Presence SP15C microphones [4] to cap-
ture stereo audio. The stereo audio preserves the spatial character-
istics of everyday sounds, ensuring realistic listening experience 
for the users. For output, we use open-ear headphones to play back 
the selected texture to users. This design allows users to perceive 
enhanced texture layers while maintaining access to the natural 
acoustic environment. 

Figure 3: System Diagram. The system detects ongoing 
sounds using a neckband with stereo microphones. It then 
performs pitch detection to search for candidate overtone tex-
tures to be cued. The system evaluates the perceptual acces-
sibility of each candidate overtone by considering loudness, 
resolvability, and masking. The highest-ranked overtone is 
then isolated and digitally ampli!ed for playback to the user. 

4.2 Pitch Estimation 
To identify hidden overtone texture in sounds, our system "rst esti-
mates the tone that dominates subjective qualities, also commonly 
referred to as pitch [21]. In most cases, pitch can be quanti"ed by 
the fundamental frequency (𝐿0), which is the lowest—and often 
the most perceptually prominent—frequency in a harmonic series. 
Speci"cally, we utilize SwiftF0 [43], a deep learning–based pitch 
estimation model, to generate initial 𝐿0 candidates. The audio in-
put is sampled at 44100 Hz and segmented into sliding analysis 
windows of " = 4096 samples with a hop size of 1024 samples. 

Because everyday acoustic environments are highly dynamic, we 
implement a two-stage "ltering pipeline to ensure stability of the 
output. We "rst discard estimates with a con"dence score below 0.8, 
which decides based on heuristic tuning. We then apply a median 
"lter of size 5 to reject transient outliers. The resulting estimates are 

then smoothed using a scalar Kalman "lter, with the process noise 
covariance set to 𝑁 = 0.1 and the measurement noise covariance 
set to $ = 5.0. This reduces jitter while maintaining responsiveness 
to changes in pitch. 

4.3 Identify Candidate Overtones 
Once the pitch is established, the system identi"es candidate over-
tones in the sounds. Tones that are integer multiples of the funda-
mental frequency are most susceptible to perceptual fusion, as the 
auditory system integrates them into a single pattern [38]. Natural 
sounds often exhibit inharmonicity, meaning that overtones do 
not align perfectly with integer multiples of the fundamental. To 
account for this, our system performs a spectral search in regions 
centered around integer multiples of the fundamental frequency to 
identify actual energy peaks in the signal. 

Speci"cally, given the estimated pitch 𝐿0, for each overtone rank 
%, we de"ne a search region: 𝐿!"#$%ℎ → [% · 𝐿0 ± 0.4 · 𝐿0]. This 
search range is chosen to accommodate the inharmonic nature of 
everyday sounds while ensuring that adjacent search windows do 
not overlap. 

4.4 Perceptual Accessibility of Overtones 
Given the candidate overtones 𝐿𝑅 , our system evaluates its likeli-
hood of being perceptually accessible after cueing, by considering 
three psychoacoustic factors. 

4.4.1 Loudness. An overtone cannot be perceived if it lacks su#-
cient energy. Therefore, the "rst factor we consider is the perceptual 
loudness of candidate overtones. To assess this, we compute the per-
ceived loudness within the overtone’s spectral bandwidth, adjusted 
for human frequency sensitivity using A-weighting. 

Given a detected overtone 𝐿𝑅 , how it is perceived is determined 
by the ear’s perceptual bandwidth. We utilize Equivalent Rectan-
gular Bandwidth (ERB) model [17] to approximate the auditory 
"lter width at frequency 𝐿𝑅 . The physical energy of an overtone 
is integrated within its corresponding ERB bandwidth. Let $()* 
denote half of this bandwidth ($()* = 𝑄$𝑅(𝐿𝑅 )/2), and let ( [𝐿 ] 
denote the frequency spectrum of the current audio frame. The 
physical power level on the dB scale is calculated by summing the 
power spectrum |( [𝐿 ] | 2 across this range: 

)(𝐿𝑅 ) = 10 · log10 
!" 
# 

+! +)"#$∑ 

+ =+! −)"#$ 

|( [𝐿 ] | 2%& 
' 

(1) 

To approximate the human ear’s diminished sensitivity to lower 
frequencies, we apply a standard A-weighting "lter *, (𝐿𝑅 ) [3]. 
The "nal perceived loudness is the sum of the integrated physical 
energy and this frequency-dependent weighting: 

)-"$ %". /"𝑎 (𝐿𝑅 ) = )(𝐿𝑅 ) +*, (𝐿𝑅 ) (2) 
The overtone is considered audible only if this level exceeds a 

calibrated noise $oor threshold (set to −40 dBFS for our system 
hardware). 

4.4.2 Resolvability. The human ear cannot distinguish between 
two frequencies if they are too close together such that they fall 
within the same critical band. Thus, the second psychoacoustics 
factor we consider is the spacing between overtones. An overtone 
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is considered "resolved" only if the spectral spacing between over-
tones is wider than the ear’s critical bandwidth at that frequency. 
Unresolved overtones becomes perceptually impossible to be heard 
as distinct tones.

I! "𝑁$% &"𝑅 = 

{ 
1 if 𝐿0 > 𝑀𝑁𝑂 ( 𝐿( ) 
0 otherwise 

(3) 

4.4.3 Masking. Even if an overtone region is perceptually loud 
and spectrally resolved, its accessibility is also in!uenced by the 
presence of other overtones or sounds at the same time. This e"ect, 
known as simultaneous masking, represents the third psychoacous-
tic factor we consider when evaluating overtone perception. 

We estimate simultaneous masking using a simpli#ed critical-
band masking model based on classical psychoacoustic spreading 
functions. Advanced critical-band masking approximations are used 
in perceptual audio-coding models for data compression, such as 
MPEG-1 Psychoacoustic Model 1 [44, 74]. We #rst calculate the 
energy distribution across the audio spectrum. Following prior 
work to streamline computation for real-time processing, we group 
the Fourier transform bins into %) = 24 critical bands on a Bark 
Scale [75]. We then approximate masking spread using asymmetric 
spreading slopes, with a #xed lower slope of 27 dB/Bark and a 
level-dependent upper slope, following prior work [61, 62, 76]. The 
masking level 𝑄*, + imposed by band 𝑅 onto band 𝑆 is calculated by 
subtracting the Bark-distance-dependent spreading loss and #xed 
masker-to-threshold o"set 𝑇,-𝑁. = 10*𝑂 from the masker band 
level +/-(𝑅 ( 𝑅 ). Since multiple maskers contribute to each band 
simultaneously, the individual masking e"ects are additive in the 
power domain. The global masking threshold 𝑊 (𝑆 ) for the 𝑆 -th band 
is calculated by summing the energy of all spreading functions 
acting upon it: 

𝑊 (𝑆 ) = 10 log10 
"# 
$ 

𝑎!∑ 

+ =1 
10 

𝑀#, $ 
10 

&' 
 

(4) 

An overtone with a level below this global threshold is considered 
masked. To quantify it, we calculate the Signal-to-Mask Ratio (SMR) 
for the 𝑋-th overtone by comparing its power level + ( 𝐿( ) against 
the global threshold at its corresponding frequency band 𝑆( : 

.𝑄𝑁( = + ( 𝐿( ) → 𝑊 (𝑆( ) (5) 
A negative SMR indicates that the overtone level falls below 

the estimated masking threshold and may therefore be perceptu-
ally masked. Because the masking estimate is approximate and 
detectability near the threshold is uncertain, we use a decision 
margin of 3dB. 

4.4.4 Selection Logic. The #nal perceptual accessibility score 
.( synthesizes these three psychoacoustic factors—loudness, re-
solvability, and masking—into a single ranking metric to determine 
which overtones the system should amplify. 

First, if an overtone fails either the loudness check (Iaudible = 0) 
or the spectral resolvability check (Iresolved = 0), it receives a severe 
penalty of →100. This e"ectively eliminates it from consideration, 
as the ear cannot physically perceive it regardless of cueing. 

For overtones that pass the loudness and resolvability checks, 
their baseline score is dictated by their Signal-to-Mask Ratio (SMR( ). 
If an overtone is masked by adjacent frequencies (SMR( < →3 dB), 
the system applies a moderate penalty of →50 to lower its ranking. 

Finally, overtones that are both highly resolved and su$ciently 
prominent against the masking threshold (SMR( ≥ →3 dB) retain 
their raw SMR( as their #nal score. This ensures the system priori-
tizes amplifying the most perceptually accessible overtones in the 
user’s environment. 

4.5 Cueing Users with Hidden Texture 
Once the target overtone is selected, the system isolates the highest-
ranked overtone using a band-pass #lter. The #lter is centered at the 
detected peak frequency 𝐿( with a fractional bandwidth of 0.15. The 
selected frequency region is then ampli#ed by applying a digital 
gain of user’s choices. 

4.6 Latency Measurement 
In a technical evaluation, we measured the system’s end-to-end 
latency. The total latency primarily arises from two sources: (1) 
pitch detection used to estimate candidate overtones, and (2) audio 
streaming latency during playback of the ampli#ed overtones. 

The pitch estimation model, SwiftF0, reports a runtime of ap-
proximately 132 ms on a standard desktop computer with a modern 
CPU [43]. While pitch detection latency a"ects how quickly the sys-
tem can identify the most accessible overtones, streaming latency 
directly impacts the listening experience. 

To isolate streaming latency, we con#gured the system to lock 
onto the 2nd overtone. We played a composite tone at a distance 
of 10 cm from the system’s microphone. The output was recorded 
using two methods: (1) capturing the sound played back through 
the open-ear headphones after it passed through the full processing 
pipeline, and (2) recording the same ringtone using a separate 
microphone placed near the audio source as a baseline. Latency 
was computed by comparing the temporal alignment of the two 
recordings and averaging the results across 30 trials. 

We found that the streaming latency is 24.6 ms (SD = 1.69). This 
value falls below the just noticeable di"erence (JND) threshold for 
audio latency in musical applications, which is typically 30 ms and 
above [30, 36, 50]. While some studies have measured optimal min-
imal perceivable thresholds as low as 10 ms [68], these thresholds 
are often determined in highly controlled experimental settings. 
Such conditions do not necessarily re!ect human performance in 
real-world situations, where attention is divided among multiple 
tasks and users need to navigate a multitude of sensory signals. 

5 Study #1: Psychoacoustic Study 
Can the overtone textures identi#ed by our system be e"ectively 
cued? To answer this question, we conducted an in-lab study us-
ing psychoacoustic methods to quantitatively measure changes in 
participants’ perceptual experiences. 

5.1 Study Design 
5.1.1 Two-interval Two-alternative Forced Choice Paradigm. 
To systematically measure whether certain auditory details could be 
perceived by participants, we adopted a two-interval, two-alternative 
forced-choice (2I-2AFC) paradigm, following prior work [57]. In 
each trial, participants were presented with two successive sound 
intervals: the original sound and a modi#ed version of the same 
sound with an overtone component removed, as shown in Figure 4. 
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Participants were asked to indicate which interval contained a tone 
that the other did not. An inability to discriminate between the two 
sounds (i.e., accuracy at chance level) indicates that the removed 
overtone was perceptually “hidden” to the listener. In each trial, 
the target overtone was the component identi!ed by our system 
as being the most perceptually accessible within the sounds, with 
ranking details outlined in Section 3. 

After each trial, participants rated the perceived mental e"ort 
required for the task and their con!dence in their answer on a 1 
(low) to 5 (high) Likert scale [13]. 

Figure 4: Demonstrating the comparison stimuli pair used 
in Study #1. Top row shows the original sounds spectrogram 
and the bottom row shows the spectrogram with the target 
overtone removed. The x-axis represents time, and the y-axis 
represents frequency. 

5.1.2 Repeated Measures. The aforementioned comparison task 
was repeated in three di"erent sessions. To examine whether par-
ticipants can naturally hear out the target overtone, they !rst com-
pleted the task before any auditory cueing (baseline). To evaluate 
the immediate e"ect of auditory cueing on overtone perception, 
participants then repeated the same task immediately after hearing 
the cueing tone (post-cue). To probe whether the cueing e"ect per-
sist, participants completed the task again !ve minutes after the 
post-cue session (5-min-post-cue). 

5.1.3 Between-Group Design. Due to the repeated-measures 
design of the study, we accounted for potential e"ects of procedural 
learning by including a sham control group. Participants in this 
group were informed that they would hear a tone intended to 
assist with the task, same as the experimental group. However, the 
provided cueing tone did not correspond to the overtone component 
present in the original sound. Instead, it was derived by shifting the 
target overtone used in the experimental condition by a multiple of 
1.5 (i.e., a perfect !fth). This manipulation approximate the scenario 
in which participants are cued to attend to a pitch that is not present 
or not perceptually accessible in the stimulus. 

5.1.4 Stimuli. To increase the generalizability of the results, we 
sampled 10 everyday sounds with perceptually meaningful over-
tone structures. These stimuli included: sounds from an electric 
toothbrush, hairdryer, HVAC fan, low bell, microwave, mosquito, 

MRI machine, refrigerator, singing bowl, and wine glasses rimming. 
Together, these stimuli span a broad range of sound-producing ob-
jects, from musical instruments to household appliances and clinical 
machines. All audio stimuli are from online database FreeSound [2] 
and have at least one overtone. To avoid perceived loudness change 
after overtone removal, all sounds were loudness-normalized to 
-25dBFS. All audio clips are set to be 8 seconds long. 

Before the main experiment, all participants completed !ve prac-
tice trials to familiarize themselves with the task. Each practice 
trial presented a pair of stimuli, one consisting of a single pure tone 
and the other consisting of two pure tones. Participants were asked 
to identify which stimulus contained an additional tone that was 
absent from the other stimulus, following the same procedure as in 
the main experiment. Participants were required to correctly com-
plete all !ve practice trials before proceeding to the experimental 
sessions. All stimuli used in the experiment are provided in the 
Supplementary Materials. 

5.1.5 Randomization & Counterbalancing. Participants were 
randomly assigned to either the control or experimental group. 
Each comparison pair was presented twice within each session 
block (baseline, post-cue, and 5-min-post-cue), with the order of 
the intervals counterbalanced. Within each session block, the pre-
sentation order of the comparison pairs was randomized. In each 
session, participants completed 20 trials of comparisons and 60 
trials in total for the whole study. 

5.2 Hypotheses and Research Questions 
We formulate two hypotheses. Our !rst hypothesis concerns the 
detection performance within the experimental group. We hypoth-
esize that the overtone predicted by our system is more likely to 
be detected immediately after cueing (post-cue) compared to the 
baseline session (H1). Between the two condition group, we also hy-
pothesize that immediately after the cueing (post-cue), participants 
in the experimental group will perform better in the detection task 
than in the control group (H2). 

As a research question, we investigate the persistence of the 
cueing e"ect (RQ1): Does the cueing e"ect persist !ve minutes after? 
In addition, we explore how exposure to the overtone identi!ed by 
our system in#uences cognitive load and con!dence in detecting 
hidden texture. Speci!cally, we ask: How does exposure to the 
detected overtone a"ect participants’ cognitive load during the 
task (RQ2)? How does exposure to the detected overtone a"ect 
participants’ con!dence in their judgments during the task (RQ3)? 

5.3 Participants 
We recruited 33 participants who were over 18 years old and re-
ported no hearing de!cits and no formal ear training. One par-
ticipant’s data was excluded due to incomplete data, resulting in 
32 participants (16 per group) for analysis. Speci!cally, 21 self-
identi!ed as females, 11 self-identi!ed as males. The average age 
of participants was 24.2 years old (SD = 4.75). 4 participants iden-
ti!ed as Caucasian, 3 identi!ed as African American, 1 identi!ed 
as Native American, 22 identi!ed as Asian, 2 chose "other". Note 
that participants could select more than one ethnicity, resulting the 
total number here exceeding the sample size. 
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Table 1: detection accuracy (%) per sound type, by session and condition. 
bell tower hairdryer HVAC fan toothbrush microwave MRI singing bowl wine glasses mosquito refrigerator 

baseline (control) 59.4% 56.2% 78.1% 50.0% 28.1% 59.4% 62.5% 40.6% 59.4% 56.2% 
post-cue (control) 53.1% 53.1% 50.0% 59.4% 53.1% 56.2% 56.2% 62.5% 46.9% 53.1% 
5-min-post-cue (control) 53.1% 71.9% 65.6% 43.8% 50.0% 50.0% 56.2% 62.5% 59.4% 53.1% 

baseline (experimental) 53.1% 43.8% 71.9% 43.8% 28.1% 50.0% 43.8% 53.1% 65.6% 43.8% 
post-cue (experimental) 65.6% 68.8% 84.4% 84.4% 59.4% 56.2% 50.0% 59.4% 59.4% 43.8% 
5-min-post-cue (experimental) 59.4% 59.4% 71.9% 53.1% 53.1% 50.0% 56.2% 62.5% 56.2% 40.6% 

The study took approximately 60 minutes and was approved by 
Stanford Institutional Review Board (IRB # 71992). Each participant 
was compensated $30 USD for their time. 

5.4 Results 
Due to the binary choice nature of the task, we analyzed the detec-
tion accuracy using a Generalized Linear Mixed Model with a bino-
mial distribution and logit link function. We factored in condition 
group (experimental, control), session (baseline, post-cue, 5-min-post-
cue), and their interactions as !xed e"ects. Participant identi!er and 
audio stimuli identi!er were included as random e"ects to account 
for individual di"erences and variability across sounds. For the 
con!dence and mental e"ort ratings, we used a linear mixed-e"ects 
model with the same factor con!gurations. Table 1 and Figure 5 
showed the results of Study #1. 

5.4.1 Manipulation Check of the Baseline Detection Accu-
racy. We !rst examined baseline accuracy in both groups, which 
shows no signi!cant di"erence (𝐿 = →0.22, 𝑀 = .215). Control group 
had a baseline accuracy of 55.0%, while experimental group achieved 
49.7% accuracy. The results indicated that participants in both group 
performed similarly at a chance level on average and the target 
overtone was initially “hidden”. 

Figure 5: Study #1 results on detection accuracy. 

5.4.2 Cueing Improves the Ability to Detect Overtones in 
Everyday Sounds. A signi!cant interaction was found between 
group condition and session. Speci!cally, the experimental group 
showed a signi!cantly di"erent trend during the post-cue session 
compared to the control group (𝐿 = 0.59, SE = 0.23, z = 2.61, 𝑀 = 
.009). Post-hoc pairwise comparisons using Bonferroni correction 
were conducted to further explore these di"erences both between 
the two conditions and within the experimental group. 

Within the experimental group, we found that participants per-
formed signi!cantly better during the post-cue session compared to 
the baseline session (𝐿 = →0.56, 𝑁𝑂 = 0.16, % = →3.45, 𝑀 = .002). Ac-
curacy increased from 49.7% at baseline to 63.1% during the cueing 
session, indicating that participants were more likely to perceive 
the previously hidden overtone after cueing. The e"ect size was 
calculated with the odds ratio [58]. We found that the experimental 
group had 1.75 times higher odds of detecting the overtone tex-
ture immediately after cueing compared to baseline (OR = 1.75), 
corresponding to a moderate increase in detection with a single 
cueing. Speci!cally, detection accuracy increased in post-cue for 8 
of 10 sounds relative to baseline for the experimental group. These 
results support H1, which shows that participants are more likely 
to hear out these hidden texture immediately after the cueing. 

Compared to the control group, which received a sham cueing 
tone (with 54.4% average accuracy), participants in the experimental 
group performed signi!cantly better at identifying the hidden over-
tone (𝐿 = →0.37, 𝑁𝑂 = 0.18, % = →2.06, 𝑀 = .039), with odds ratio of 
1.45. In contrast to the experimental group, only 3 of the 10 sounds 
showed improved detection accuracy in the control group. This 
result supports H2, indicating that the improvement was speci!c to 
the targeted cue rather than a general e"ect of procedural learning. 

5.4.3 No Persistence of Cueing E!ect Found 5 Minutes A"er. 
No signi!cant interaction was found between condition group and 
the 5-min-post-cue session (𝐿 = 0.21, 𝑁 𝑂 = 0.23, % = 0.92, 𝑀 = 
.358). This suggests that the brief cueing duration (8 seconds) leads 
to change in perceptual experiences immediately after but was 
insu#cient to produce a longer-lasting perceptual change. 

5.4.4 The Success of Cueing Came with Higher Mental Ef-
fort. At baseline, there was no signi!cant di"erence in mental 
demand between the groups (𝑄 (31.15) = →1.30, 𝑀 = .20). The model 
revealed a signi!cant interaction between group condition and 
session, at both the post-cue (𝑄 (1875) = 2.77, 𝑀 = .006) and 5-min-
post-cue (𝑄 (1875) = 2.81, 𝑀 = .005) sessions. Post-hoc comparisons 
utilizing Bonferroni adjustment con!rmed that within the experi-
mental group, participants’ mental demand was signi!cantly higher 
in the post-cue session (𝑅 = 2.83, 𝑁𝑆 = 1.05) compared to their 
baseline (𝑅 = 2.49, 𝑁𝑆 = 0.68; 𝑀 < .001). Similarly, a signi!cant 
increase in mental demand was observed in the 5-min-post-cue 
session (𝑅 = 2.77, 𝑁𝑆 = 1.07) compared to the baseline (p < .001). 
Conversely, no signi!cant di"erences were found within the con-
trol group across the post-cue (𝑅 = 3.05, 𝑁𝑆 = 1.04), 5-min-post-cue 
(𝑅 = 2.99, 𝑁𝑆 = 1.04), and baseline sessions. No signi!cant dif-
ferences was found between two groups at post-cue (𝑀 = .52) and 
5-min-post-cue (𝑀 = .53) sessions on the reported mental demand. 
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5.4.5 Cueing, Both Real and Sham, Decreased Confidence. 
At baseline, there was no signi!cant di"erence in reported con-
!dence between the experimental and control groups (𝐿 (33.65) = 
1.19, 𝑀 = .242). The model revealed a signi!cant main e"ect of ses-
sion at the !rst post-cue interval (post-cue), where participants’ 
con!dence scores decreased signi!cantly compared to baseline 
(𝐿 (1875) = →2.31, 𝑀 = .021). The lack of a signi!cant interaction at 
this session (𝑀 = .60) indicates that this initial decline in con!dence 
was consistent across both groups. Speci!cally, participants in the 
control group reported a mean con!dence rating of 2.50 (𝑁 𝑂 = 0.70) 
at baseline, 2.33 (𝑁𝑂 = 0.86) at post-cue, and 2.56 (SD = 0.87) at 5-
minute post-cue. Participants in the experimental group reported a 
mean con!dence rating of 2.82 (𝑁𝑂 = 0.69) at baseline, 2.58 (SD = 
0.69) at post-cue, and 2.67 (SD = 0.70) at 5-minute post-cue. 

5.4.6 Summary of Study #1 Findings. We showed that hidden 
texture identi!ed by our system can be successfully cued. When par-
ticipants received a cue that previewed the overtone, their detection 
accuracy signi!cantly improved compared to baseline performance. 
In contrast, the control group that received a sham cue did not show 
the same level of improvement, indicating that the e"ect cannot 
be attributed to procedural learning. However, successful cueing 
was also associated with increased perceived mental e"ort. This 
increase may re#ect greater engagement with the detection task 
where guiding user attention to frequencies they would not oth-
erwise pay attention to but with meaningful information. On the 
con!dence level, the decrease of it in both groups could have been 
due to initially overestimating their ability to detect until exposing 
to the reference cues. 

6 Study #2: System Study in Everyday Listening 
Building on the !ndings from Study #1 that leverages a psychoa-
coustics approach, Study #2 extends the evaluation by examining 
how the system in#uences participants’ perception of the same 
sounds after using the device in a controlled, in-lab setting. In the 
study, participants interacted with everyday objects that produce 
sounds with rich overtone textures. 

6.1 Study Design 
We adopted a within-subjects pre–post study design in which all 
participants followed the same protocol. Participants were invited 
to the lab and interacted with three objects in a counterbalanced 
order: an electric toothbrush, a singing bowl, and a vibrating phone. 

For each object, participants interacted with it and listened to 
its sounds for three sessions: (1) a 1-minute pre-device session with 
the device turned o"; (2) a 1-minute device-cueing session with the 
system turned on and cueing, during which the system ampli!ed 
the predicted overtone; and (3) a !nal 1-minute post-device session 
with the device turned o" again. 

Figure 6: Objects used in the Study #2. (a) a vibrating phone, 
(b) an electronic toothbrush and (c) a singing bowl. 

6.2 Apparatus 
Figure 6 depicts the objects participants interacted with. All ob-
jects were selected for their latent overtone structures, exhibiting 
multiple overtones above the fundamental pitch. 

Electric toothbrush. We used a commercially available house-
hold device, the 7MAGIC Sonic Electric Toothbrush. The toothbrush 
was set to the “sensitive” mode at its highest intensity. In this mode, 
the toothbrush produces a periodic up-and-down motion, gener-
ating a low-frequency fundamental pulsing at approximately 310 
Hz, along with higher-frequency harmonic overtones. The device 
detected second-order overtone at 926 Hz as the most accessible. 

Vibrating phone. An iPhone 13 Pro was placed on top of a 
cardboard box. The phone vibrated in a consistent pattern at ap-
proximately 150 Hz, corresponding to the dominant frequency of 
the emitted sound. In addition to this fundamental component, 
the vibration produced several higher-order overtones and the 4th 
overtone at 754 Hz is the one selected by the system to be ampli!ed. 

Singing bowl. When struck on the side, the singing bowl pro-
duces a consistent low-frequency tone at approximately 546 Hz, 
accompanied by several higher-order overtones. The device de-
tected second-order overtone at 1540 Hz as the most accessible 
overtones and ampli!es it. During the interaction, participants 
were instructed to strike the bowl using a wooden mallet in a con-
sistent manner. After each strike, participants waited for the sound 
to decay before initiating the next interaction. 

Participants were instructed to interact with the objects con-
sistently to ensure comparable sound production across sessions. 
The ampli!ed overtone was kept the same for all participants to 
provide a consistent experience. Its ampli!cation level was set to 
24 dB, a value chosen to compensate for energy loss introduced 
by band-pass !ltering and to make the overtone salient enough 
relative to the original sound. 

6.3 Measures 
6.3.1 Perception of Everyday Sounds. To understand how per-
ceptual experiences of object sounds changed before and after using 
the device, participants were asked to both draw and describe the 
sounds they heard. In the drawing task, participants represented 
each perceived pitch as a separate line, with higher pitches placed 
higher on the page. Line thickness indicated perceived loudness. 
This representation method was adapted from prior work [29], 
which found that both musicians and non-musicians perceive such 
pitch and loudness mappings as intuitive. These drawings enabled 
researchers to visually examine changes in participants’ perception 
of object sounds. 

In addition to the drawings, participants completed a question-
naire after both the pre-device and post-device sessions to describe 
what they heard from the objects. 

6.3.2 Mental Association. Beyond perceptual experience, we 
also examined how the system changes interpretations of everyday 
sounds by focusing on mental associations. Participants completed 
pre- and post-session questionnaires in which they described what 
they just heard from the objects make them think about. We then 
coded all reported entities (e.g., objects, places, people, events) re-
ferred in their responses. Changes from pre-device to post-device 



Reperceiving Everyday Sounds with Hidden Texture UIST ’26, November 02–05, 2026, Detroit, MI, USA 

Figure 7: Representative drawings from participants in Study #2. The top row illustrates participants’ perception of the object 
sounds in the pre-device session, and the bottom row shows their perception in the post-device session. Di!erent lines represent 
distinct perceived pitches, and line thickness indicates the loudness of each tone. 

associations were used to capture how participants’ mental associ-
ations with the sounds shifted as a result of using the device. 

6.4 Participants 
We recruited 14 participants who were over 18 years old and re-
ported no hearing de!cits. Two participant’s data was excluded 
due to incomplete trials, resulting in 12 participants for analysis. 
Speci!cally, 6 self-identi!ed as females, 5 self-identi!ed as males, 
and 1 self-identi!ed as non-binary. The average age of participants 
was 25.3 years old (SD = 3). 1 participants identi!ed as Caucasian, 9 
identi!ed as Asian, 1 chose "other" and 1 chose "prefer not to say". 

The study took approximately 75 minutes and was approved by 
Stanford Institutional Review Board (IRB # 71992). Each participant 
was compensated $25 USD for their time. 

6.5 Results 
6.5.1 Finding #1: Our System Directs User A!ention to Over-
looked Details of Everyday Sounds. Consistent with the !nd-
ings from Study #1, participants reported that the overtone cued 
by the device became more perceptually salient after the device 
was turned o", as compared to before use. This shift in attention 
was coded by jointly analyzing participants’ sound drawings and 
written descriptions. A successful instance of cueing was de!ned as 
drawings and descriptions that demonstrated either (1) additional 
textures aligning with overtone the device cued, or (2) increased 
prominence of the cued overtone. Responses were not counted as 
successful cueing if participants simply repeated their initial de-
scriptions or elaborated with additional details unrelated to the 
device-cued features. 

Across all 36 trials (12 participants × 3 objects), participants 
reported the overtone texture cued by our device becoming more 
perceptually salient after device use in 25 instances, accounting for 
69.4% of the trials. Eleven out of twelve participants perceived the 
hidden texture as more salient for at least one object. A breakdown 
by object revealed 9 out of 12 successful trials for both the vibrating 
phone and the singing bowl, and 7 out of 12 successful trials for 
the electric toothbrush. 

Figure 7 presents participants’ drawings visualizing the sounds 
they perceived from the objects before and after using the device. 
Changes in perceptual salience manifested in two main ways. In the 
majority of cases (18 out of 25), participants did not detect overtones 
during the pre-device session. Following device use, cueing was 
re#ected in the emergence of additional texture in their drawings, 
as illustrated in columns 1–3 of Figure 7. 

For instance, P01 described the vibrating phone sounds in the 
pre-device session as “I hear the buzzing of the phone. The sound is 
quite stable (single pitch), the oscillations in the sound is so minimal I 
barely hear it. It also sounds like this is not just a single pitch, but the 
rest is so faint I cannot identify.” After using the device, when P01 
listened to the same sounds, they reported, “I hear the very slight 
overtone (of higher pitch). This is a sound I did not hear in the !rst 
session, but I only hear after listening to the sound with the device.” 
Similarly, for the singing bowl, P10 shared: “...the higher pitched 
sound of the singing bowl was noticeably higher than it was in the 
!rst session. I think my ears were more sensitive to the higher pitched 
sound after using the auditory device.” 

In this context, the increased perceptual salience of the over-
tone could also contribute to the sounds to be more holistically 
"textured". Figure 7 (column 4) illustrates one such example: P12 
initially described the singing bowl sound as transitioning smoothly 
from a low pitch to a high pitch. After being cued by the device to 
attend to a pulsing overtone, they perceived the sound as exhibiting 
a pulsing quality throughout the transition. Similarly, for the phone 
vibration sounds, participant P08 continued to report perceiving a 
single pitch; however, they described the sound as becoming gen-
erally higher in pitch and more prominent after the device. These 
results align with prior literature suggesting that everyday listeners 
without musical training tend to describe sounds holistically rather 
than understanding them as individual pitches [51]. 

In 7 out of 25 cases (4 with the singing bowl), the cued overtones 
were already noticed during the initial session. In all of these cases, 
after using the device, the cued overtone textures became more 
prominent, with one drawing example showed in Figure 7 (column 
5). This increased salience was re#ected in how the overtone texture 
were depicted with greater prominence (i.e., thicker markings)."This 
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time I heard the higher pitch tone persist for longer than I had noticed 
before. I also thought it sounded a bit louder." as written by P03 in 
describing the singing bowl sounds after the device use. 

6.5.2 Finding #2: Hearing More from Everyday Sounds Has 
the Potential to Spark New Mental Associations. How does 
being able to perceive everyday sounds with hidden texture change 
participants’ associations with them? We assessed this by analyzing 
the entities participants reported that they associated with the 
objects sounds in the questionnaire. Speci!cally, we identi!ed trials 
in which participants introduced new descriptive entities in the post-
device responses that were absent from their pre-device responses. 

In 18 of the 25 trials (72%) where participants perceived the 
overtone texture as more salient, they also reported new entities as-
sociated with the sounds. For instance, during the pre-device session 
interacting with a electronic toothbrush, P02 wrote: "The sounds of 
an electric toothbrush make me think of either my morning or evening 
routine, since I use a similar electric toothbrush at home." After cued 
to hear the pulsing overtones from the electric toothbrush, P02 then 
described the sounds as: "I did not associate it with the routines as 
in the !rst session. Because of the slow pulsing, it reminded me of 
a massage chair and was kind of relaxing." Similarly, P12, at !rst 
associated the singing bowl sounds as "sound being a wave, like 
in a calm pond, traveling long distances." After the device use, P12 
wrote "It now makes me think of a pendulum that goes back and forth, 
then !nally dies down." For the phone vibration, while the sound 
normally make participants think about noti!cation or phone call, 
just as P05 described in the pre-device session "it brings people with 
a little bit nervous feelings because we often set up the clock with 
similar sounds to wake up, or like some urgent phone calls." After 
the device use and notice the hidden overtone, P05 described the 
sounds as "the vibrating phones sometimes sounds like the waves, I 
can [imagine] that it comes to the beach and goes back to the ocean, 
because it has kinds of vibrations." 

Figure 8: Semantic shift between entities associated with ob-
ject sounds in pre-device and post-device sessions. This graph 
speci!cally focuses on trials where new entities emerged in 
the post-device session. 

The introductions of new entities were also observed in 5 of 11 
trials (45%) where device successfully cued participants to notice 
more texture. For example, participant P14 initially associated the 
phone vibration with a “wake-up alarm” and “phone calls,” and 
later added “emergency !re alarm,” despite no increase in overtone 
salience. Similarly, participant P07 expanded their associations for 

the singing bowl from “meditation/chanting halls in a temple” to 
include “middle school meditation class” and “music session” after 
the intervention. 

To quantify how much participants’ mental associations changed 
in trials where new entities were introduced, we computed the 
cosine distance between text embeddings of the reported entities 
in pre-device and post-device session, using the all-mpnet-base-v2 
model [1]. The results showed an average distance of 0.65 (SD = 
0.26) for trials in which the device cued successfully compared to 
0.51 (SD = 0.26) for trials without successful cueing. 

Although the sample size does not support formal statistical 
testing, these results suggest that device cueing could potentially 
encourage participants to form new associations with everyday 
sounds that are more semantically distinct from their initial inter-
pretations. 

7 Potential Applications 
By leveraging auditory cueing to enable users to reperceive every-
day sounds with hidden texture, our system opens up a range of 
potential applications, including mindfulness, reinterpreting stress-
ful acoustic environments, and enhancing musical appreciation. 

7.1 Everyday Sounds as Mindfulness Anchors 
One potential application of our system lies in supporting users 
to leverage everyday sounds as anchors for mindfulness practices. 
Existing mobile technologies to support mindfulness often focus 
on structured, formal exercises, such as sitting meditation, that 
leverage a synthetic soundscape to guide user attention. This leaves 
everyday practices that weave mindfulness into daily activities 
under-supported [32, 33]. By actively revealing hidden textures 
in everyday sounds, our system lowers the barrier for users to 
enter into mindful states, staying attentive and curious about the 
present-moment experiences. 

Figure 9: (a) A person is occupied by their phone while wait-
ing for food to heat in the microwave. (b) By using our system 
to cue the user to hear out hidden acoustic textures within 
the microwave’s hum, the idle time of waiting is transformed 
into a moment to foster curiosity and mindfulness. 

Figure 9 illustrates one such example. A user is waiting for a 
microwave to heat up their food. Normally, the person is occupied 
on their phone, completely tuning out. With the device, the system 
isolates and ampli!es the rhythmic, higher-frequency overtones 
hidden within the microwave’s mundane hum. With a short seconds 
of exposure, the user also starts to notice these hidden textures they 
did not notice before. This temporary shift in attention draws them 
away from the screen, transforming an idle wait into a brief moment 
of mindfulness practice. 
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7.2 Reinterpreting Stressful Acoustic Stimuli 
The ability to notice hidden textures could also o!er users a new 
technique for navigating stressful acoustic environments by redi-
recting attention toward speci"c tonal components. For example, 
MRI scanners produce loud, repetitive sequences of pulsing that 
are often perceived as anxiety-inducing. By shifting attention from 
overall sound quality to speci"c overtones, users may form new 
associations with these sounds. For instance, higher overtones in 
the signal may be perceived as instrument-like rather than me-
chanical. Figure 10 illustrates this: a user wearing a VR headset 
undergoes training with a virtual MRI machine while also using 
our device, which detects and ampli"es overtones to guide atten-
tion. This system can support preparatory training, enabling users 
to learn how to engage with their underlying acoustic structures 
in these stressful sounds before entering the actual scanner later 
without the device. 

Figure 10: A user in preparatory training in a VR-simulated 
MRI environment. Our system detects and ampli!es hidden 
overtones, teaching the user to redirect their attention toward 
these acoustic details to mitigate stress before an actual scan. 

7.3 Musical Appreciation for Everyday Listeners 
Through extensive training, musicians are able to “hear out” dis-
tinct acoustic components within complex compositions [63, 71]. In 
contrast, everyday listeners are often less able to appreciate music 
at this level of detail. Our system could serve as a short-term scaf-
fold to support these listeners—who may lack formal training—in 
reperceiving music by guiding their attention toward subtle tex-
tures that typically blend into the overall mix. For example, within 
a multi-instrument passage, the device could guide users to reper-
ceive music with the low hum of a bass guitar or the shimmering 
higher tones of a #ute that might otherwise go unnoticed. 

8 Limitations & Future Work 
This paper serves as an initial step toward exploring how hearables 
can sca!old users to notice rich details in everyday sounds beyond 
device use, and it comes with several limitations. 

On the system side, the current implementation serves as a proof-
of-concept and uses a simpli"ed psychoacoustic model to estimate 
hidden overtone textures in sounds. As a result, it primarily sup-
ports sounds with relatively stable and perceptually meaningful 
overtone structures in a controlled environment. To extend the 
system to more complex and dynamic environments, future work 
should consider additional perceptual factors, such as temporal 
masking and head-related transfer functions, to more comprehen-
sively model human auditory perception. Moreover, many everyday 

sounds do not exhibit well-de"ned harmonic components, such as 
paper crumpling or footsteps. Similarly, while the proposed system 
focuses on overtones, they are not the only type of acoustic detail 
that may be perceptually fused and remain “hidden” in everyday 
sounds. Other acoustic features—such as resonance, reverberation, 
and percussive elements—are also present, yet they are not always 
attended to. Future work could expand the system to support a 
broader range of acoustic features, enabling users to perceive and 
engage with diverse forms of hidden auditory details. 

Our psychoacoustic study demonstrated that the overtone tex-
tures identi"ed by our system could be e!ectively cued, producing 
a short-term attentional e!ect. However, the current Study #1 only 
evaluates brief, one-time cueing and the long-term impact of re-
peated exposure remains unknown. Future work could explore 
training paradigms that provide feedback based on users’ responses 
to investigate how and when perceptual learning emerges. More-
over, while our study evaluated 10 stimuli, this set remains rela-
tively small compared to the diversity of everyday sounds. Even for 
the same type of sound source—for example, an electronic tooth-
brush—di!erences in hardware can produce variations. Similarly, 
the participant pool in this study was limited to young adults with 
no hearing de"cit, and hearing capabilities can vary across age 
groups, which is not fully captured in the current evaluation. Future 
work should expand the analysis to include more diverse stimuli and 
a broader participant pool. Online crowdsourcing platforms, such 
as Proli"c, could provide a promising venue for such investigations. 

Study #2 extends our evaluation to device use while interacting 
with everyday objects in the lab. While the current study establishes 
the feasibility, the evaluation remains limited in ecological validity 
because it was conducted in a controlled lab setting. Future work 
should evaluate the system in more dynamic, real-world environ-
ments to examine whether the attentional e!ect persists. Moreover, 
in Study #2, while we uncovered initial e!ects suggesting that the 
device can encourage new associations with everyday sounds, the 
sample size is too small to support comparative conclusions. Future 
work should expand the evaluation to a larger participant pool. 

9 Conclusion 
In this work, we explore how hearables can help users discover 
hidden textures in everyday sounds. Grounded in auditory cueing, 
our device induces a short-term attentional shift that enables users 
to perceive these textures even after the device is removed. Across 
two user studies, we found that the system can e!ectively cue 
participants to detect previously overlooked overtone textures and 
the device use could potentially foster new mental associations with 
familiar sounds. We envision this work as a step toward hearables 
that not only mediate auditory experience, but also cultivate users’ 
ability to attend to its richer details. 
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