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Cochlear implants (CIs) provide hundreds of thousands of users with increased access to sound, particularly speech, but experiences of music are more varied. Can greater engagement by CI users in the music mixing process mutually benefit them as well as audio engineers? This paper presents an exploratory mixed-methods study that leverages insights from CI users and professional audio engineers (AEs) in the investigation of techniques to enhance CI user music enjoyment and promote empathetic practices in AEs. Analysis of data collected over a multi-step process of surveys, interviews, and iterative cycles of sound mixing and feedback revealed two mixing strategies—namely essentializing and exaggeration of musical elements—common among mixes preferred by CI users. Participant responses also highlighted systemic ableism and audism in the music industry—an industry from which CI users report feeling excluded. Specifically, AEs felt inadequately trained around aural diversity considerations and experienced anxiety around their own aural diversity. In sum, this work contributes to insights into CI user music listening preferences; how AEs approach mixing for an aurally diverse audience; and discussion around the efficacy of CI simulation, user feedback, and AE peer feedback on mix enjoyment by CI users. Based on these findings, we offer several design insights that emphasize the need for customizable music listening tools centered around user agency and enjoyment.
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1 Introduction

Cochlear implants (CIs) are a form of assistive technology that provides access to sound. As of December 2019, approximately 736,900 registered CIs have been implanted worldwide, with roughly 118,000 of these adults and 65,000 in children in the US (NIDCD, 2021). CIs are electronic medical devices that convert acoustic signals to electrical signals, which are then used to stimulate the cochlea. They consist of an internal part that is surgically implanted into the cochlea, as well as a removable, external part comprising a microphone and electronic processing unit that is attached to the outside of the skull, usually via a magnet. CIs are used as an electronic prosthetic device that provides electric stimulation directly to the cochlea by folks who have been diagnosed as “severely hard-of-hearing or profoundly deaf”1 and for whom standard hearing aids may not provide the desired level of hearing assistance.

Current audio processing techniques for CIs are optimized primarily for speech, and perceptual experiences of other complex auditory stimuli such as music vary greatly among CI users (Maarefvand et al., 2013; Spangmose et al., 2019). The frequency resolution of CI users—that is, the number of unique frequencies someone is able to perceive—is approximately 10–20 times lower than listeners who are not Deaf or Hard-of-Hearing (DHH), and the maximum dynamic range—the range between the loudest and most quiet sound a person can perceive—is altered from around 40–80 dB in a traditional hearing auditory nerve response to roughly 3–10 dB of coded dynamic range (Hartmann and Kral, 2004; Zeng et al., 2014). These differences often result in varying perceptions of complex auditory phenomena such as speech in noise and polyphonic music (Limb and Roy, 2014). A CI not only affects how sound and music are transmitted into the cochlea but has also been shown to affect a variety of auditory processing pathways.

CI users' perception of certain musical features, such as tempo and rhythm, are comparable to those with traditional hearing; however, perception of melodic, harmonic, and timbral information differs (Limb and Roy, 2014). Current techniques to enhance musical enjoyment among CI users include adjusting the signal processing on the device itself; utilizing algorithmic approaches to pre-process or “optimize” a piece of recorded music for CI users; and tailoring aspects of the music at the compositional level (Au et al., 2012; Nagathil et al., 2015; Pons et al., 2016; Buyens et al., 2017; Nogueira et al., 2018; Nogueira, 2019). Additional techniques have been proposed that encode temporal fine structure, such as SpecRes, HiRes, and FS4, as well as utilize phantom stimulation techniques to extend the range of perceivable pitch (Nogueira et al., 2009; Riss et al., 2016; Krüger et al., 2022). While there are certainly merits to these approaches and the technical strides made, they are limited in their recognition of CI listener agency and the diversity of their listening experience, strategies, and goals; and they tend to assume that CI users' music-listening experiences are both homogeneous and consistent over time. Additionally, these processes assume a passive CI listener with a limited desire to play an active role in their listening experience.

Overall, the topic of CI user music enjoyment has been largely approached through the lens of engineering as a problem to be solved, particularly in terms of optimization and scalability. Yet this topic could also be approached as an opportunity for co-exploration between both audio engineers and CI listeners, thereby developing tools centered around user agency and joy facilitation. This starts with a better understanding of the needs and desires of CI users, often achieved through empathetic design practices. Accordingly, we present findings from a mixed-methods study that approaches empathy generation through the lens of sound design. We recruited professional audio engineers (AEs) and CI users, who co-contributed insights into desirable combinations of audio processing strategies through a multi-step process of surveys, interviews, and iterative sound mixing and feedback cycles. Audio engineers incorporated CI user feedback and peer feedback into their mixes, as well as an audio plug-in approximating the listening experience of a CI user. This exploratory study of music pre-processing strategies to enhance music enjoyment for CI users is the first phase of a larger project ultimately aimed toward creating a tool that highlights the autonomy, curiosity, and mastery of one's own listening experience by allowing users to personalize said experience through multiple layers of controllable, instrument-level processing.

The contributions of this work are five-fold: encompassing insights into CI user music listening preferences; how AEs approach mixing for an aurally diverse audience; the effect of CI simulation on the mixing process; the efficacy of CI simulation, CI user feedback, and AE peer feedback on mix enjoyment by CI users; and technical insights regarding the combination of audio processing tools and techniques used to create more enjoyable mixes for CI users.



2 Background and related work


2.1 Cochlear implants

CIs are devices comprising a small wire that is surgically inserted into the user's inner ear (cochlea) and connected to a removable receiver placed on the scalp. A microphone in the receiver picks up acoustic sound waves which are then processed into electrical currents that are sent down the wire and excite specific areas of the user's cochlea.

Notably, the CI limits both the range and resolution of perceivable frequencies. While traditional acoustic hearing usually ranges from approximately 20–20k Hz, CIs have an input range of roughly 150–8k Hz. Additionally, the number of uniquely perceivable frequencies is greatly reduced due to the relatively small number of frequency bands, generally between 12–24, that CIs use. This difference in frequency range and resolution often leads to differences in CI users' sound perception compared to non-CI users, particularly for broad-spectrum sound such as music (Limb and Roy, 2014). Particularly, previous work has found that CI users often report similar rhythm perception to those with traditional hearing, but that aspects of music that rely on spectral and temporal fine structure cues, such as pitch, melody, and timbre, are not well represented by the CI and CI users can have great difficulty perceiving these (Sorrentino et al., 2020).

CIs were introduced in the late 1950s and saw more extensive use—and controversy—in the USA in the 1980s and 1990s (Sparrow, 2010). Many Deaf advocates argued that CIs were the embodiment of audism, a discriminatory perspective viewing hearing as inherently better or preferential to deafness. This controversy was heightened due to many CI recipients, particularly Deaf adults, having limited improvement in their quality of life following the expensive surgery and often painful recovery. However, the device saw less controversy and use by those not exposed to Deaf Culture, such as deaf children born to a hearing family or those whose hearing changed later in life. By the 2000s, attitudes toward CIs had slowly shifted toward centering the agency of the DHH individual to decide for themselves (Wheeler et al., 2007).



2.2 Recording processes, standards, and technologies

In Western music traditions, ranging from jazz to pop and classical, the vast majority of recording processes share common features (Hepworth-Sawyer and Golding, 2011). Once a piece of music is written and rehearsed, it will be performed acoustically and recorded with a microphone and/or programmed into a computer application to render the desired audio. Either process results in a multi-track recording of the song, where different instruments and musical elements occupy individual audio channels and can therefore be individually edited and processed.

The mixing process entails adjusting various properties of the individual tracks, including volume and stereo panning, and the application of various audio processing techniques such as frequency filtering or the addition of artificial reverberation. Following this, the multi-track project, often containing dozens of channels, can be rendered into stems, whereby all channels of an instrument family are typically collapsed into a single stereo channel. For example, while the multi-track project may include multiple individual channels for each element of a drum kit, the stem representation will likely have a single “Drums” channel. While not necessary for every mix, stems are extremely useful for archiving, remixing, and adapting purposes, such as removing singing from a certain section of a pop song used in a television commercial.

Recording, mixing, and mastering music often requires empathetic listening and perspective-taking at various points in the process (Hepworth-Sawyer and Golding, 2011). Specifically, in productions with dedicated mixing and/or mastering engineers, engineers are asked to balance many factors when making technical and aesthetic choices regarding the mixing and mastering processes, including the desires of the composer and the producer/record label; the engineer's prior training and experience; and their assumptions about when, where, and by whom the music will be listened to. Additionally, the engineer often considers whether the mix will “translate” well through various music-listening apparatus including headphones, car stereos, and even smartphone speakers (Gibson, 2019). Viewing the mixing process through the lens of design, it becomes apparent that common design techniques are used, namely empathizing with end users and listeners; iterating; and relying on domain-specific knowledge (School, 2018). Similar to more traditional design, audio engineering also struggles with the role, degree, and type of empathy employed, as various competing factors are at play and the end users/listeners are so numerous, heterogeneous, and abstracted during the process that empathetic perspective-taking becomes challenging (Bennett and Rosner, 2019).

The current audio standards and technology climate greatly increase the possibilities of designing tools that increase the flexibility and control users have over their music listening experience. Audio is no longer confined to physical mediums and inflexible stereo formats, and the rapid growth of spatialized sound formats like Dolby Atmos illustrates both the technical and experiential flexibility offered by going beyond the standard stereo mix. One such extension of potential interest is the multi-track or stem rendering of a piece of recorded audio. The prevalence of multi-track and/or stem recordings being released, leaked, or algorithmically separated illustrates a strong desire from music makers, remixers, and general listeners to engage with musical material through personalization and experimentation. Examples include artists from Nine Inch Nails2 to Charli XCX3 releasing stems and encouraging remixes by fans; a popular catalog of bootleg stems leaked from cracked video games such as Rockband and Guitar Hero (McGranahan, 2010); the rapid increase in quality and availability of source-separation algorithms such as Spleeter (Hennequin et al., 2020); and the release of the Kanye West Stem Player4 and stem remixing platforms like Myxstem.5 However, so far none of these has created a standard format for stem releases, nor have they centered aural diversity in their design and implementation—even as aurally diverse communities such as CI and hearing aid users could stand to both benefit from and contribute to such systems.



2.3 CIs and music enjoyment

CI users are a diverse and heterogeneous group of people. For example, music appraisal varies greatly between CI users, with only some reporting a decline in music enjoyment and listening time post-implantation (Gfeller et al., 2000; Mirza et al., 2003). While some CI users are optimistic about navigating the constraints of the CI to enjoy music, others express frustration with their experience and a reluctance to engage with music (Gfeller et al., 2000, 2019). Therefore, for some CI users, interest and time spent listening to music have declined rapidly. However, even among these users, the reasons for this decline are not universal. As noted in a recent review study by Riley et al. (2018), some literature indicates that a reduction in music appreciation is caused by a reduction in general auditory perception fidelity, while other studies indicate that appreciation does not always reflect perceptual ability but may depend more on personal, situational, and emotional factors. Previous studies have also shown a strong correlation between music perception and higher speech perception, age, and pre-implantation experience with music. In all, it is clear that experiences of speech, music, and other sounds vary based on the individual CI user (Kohlberg et al., 2015; Riley et al., 2018).

For music specifically, a number of factors impact CI users' music enjoyment. Familiarity with a given song is a large contributing factor to reported enjoyment (Riley et al., 2018). In addition to prior personal experience, many factors of the music itself can be adjusted to improve music enjoyment for some CI listeners. For instance, music can be simplified by accentuating features that are generally more easily perceived such as rhythm, voice, and low-frequency information while reducing other, more harmonically or spectrally complex elements (Kohlberg et al., 2015; Nemer et al., 2017). However, we still lack an evaluation of music appreciation due in part to the heterogeneity of surveying and protocols used for CI studies (Riley et al., 2018). While CI simulations have been used as a proxy in the study of audio-related phenomena with some success, it is notable that musical enjoyment cannot be accurately studied in this way (Wright and Uchanski, 2012). This is likely due to people using the CI simulator not being accustomed to the sound of the CI, thereby not finding enjoyment in such a radically different music-listening experience. Additionally, the factors that impact CI users' enjoyment of music, such as subjective and stylistic familiarity, likely do not impact people using the CI simulators in the same way.

Music pre-processing personalization was recently explored with the use of a simplified web-based mixing console where CI users could granularly adjust parameters of the music, including increasing the relative volume of percussive sounds, applying either low- or high-shelf filters, and adding artificial reverberation (Hwa et al., 2021). Approximately 80% of the 46 CI users in Hwa's study expressed interest in “having access to technology to mix [their] own music,” with 90% of participants also expressing interest in “technologies that could afford [them] greater control over the music [they] listen to”—indicating a clear desire for an increased agency of musical experiences among CI users. Additionally, previous work has shown that remixing preferences among CI users are diverse, further supporting the hypothesis that personalized mixing may be helpful to CI users (Pons et al., 2016).



2.4 Empathy in design

Empathy is an affective and cognitive state, with several definitions. In a 2016 review article on empathy, Cuff et al. (2016) defined empathy as:

An emotional response (affective), dependent upon the interaction between trait capacities and state influences. Empathic processes are automatically elicited but are also shaped by top-down control processes. The resulting emotion is similar to one's perception (directly experienced or imagined) and understanding (cognitive empathy) of the stimulus emotion, with recognition that the source of the emotion is not one's own (Cuff et al., 2016).

A notable distinction is made between sympathy and empathy. Whereas empathy may be described as “feeling as” another, sympathy would be “feeling for” another (Hein and Singer, 2008). For example, if Sara's friend's father passed away, empathy would elicit a feeling of grief and sadness in Sara, even though she had never met her friend's father. However, sympathy would elicit a feeling of concern for her friend, but not feelings of grief.

While the cognitive and affective aspects of empathy often operate together, it is useful to define these aspects separately. Empathic understanding, or aspects of empathy that involve primarily cognitive components, is the ability to understand another's feelings and is related to theory of mind. Affective empathy is focused on the affective experience of the elicited emotion, which does not have to include an understanding of the underlying feelings (Rogers, 1975; Blair, 2005).

Empathy is often discussed in design thinking literature as an important aspect of understanding the user, allowing the designer to “get closer to the lives and experiences” of the user (Kouprie and Visser, 2009). Therefore, various tools and techniques were developed to elicit empathy in designers. Specifically, the “empathic horizon,” the designer's “range of understanding of user experiences in different contexts,” was thought to be expanded by activities such as focus groups, user interviews, user shadowing, surveys, etc. (McDonagh-Philp and Denton, 1999). In the field of designing for (and with) people with Disabilities, the technique of disability simulation for empathy generation, such as sighted designers wearing a blindfold during an activity to simulate vision loss, remains controversial. Some argue that these activities mainly elicit sympathy, pity, and a shallow, unnuanced understanding of the experiences of people with Disabilities (French, 1992). However, others state that the effect of context and contact with people from the community whose experience was being simulated has led to increased empathy generation (Burgstahler et al., 2004). In a meta-analysis by Flowers et al., simulation activities had little positive or negative effects on participants, even when controlling for various moderator variables such as age, type of disability being simulated, and method of simulation (Flower et al., 2007). In the case of CI simulation, Embøl et al. (2021) found that a virtual reality CI simulation elicited feelings of deeper understanding in non-hearing impaired parents of children with CIs. Therefore, while Disability simulation techniques can indeed cause harm when used without sufficient care or guidance, there is some evidence that these techniques can help elicit feelings of understanding or empathy in specific situations.




3 Materials and methods


3.1 Ethics statement

This study was approved by the Stanford University Institutional Review Board (Protocol # 61854). All participants provided written, electronic informed consent prior to participating in the study and were invited to ask the research team questions either verbally or via email before giving consent. Participants were recruited from 5th January 2022–1st August 2022.



3.2 Participants

We recruited 10 audio engineers (AEs) and 10 expert listeners with cochlear implants (ELs).6 All ELs and AEs received an electronic gift card as an honorarium for their participation in the study. AEs were screened to be 18 years or older, self-identified as proficient in the Reaper7 digital audio workstation (DAW), comfortable with written and spoken English, and had mixed and/or mastered at least two hours of publicly released music. Recruited AEs worked in varied genres ranging from hip-hop to metal, ambient, and video-game soundtracks; were an average of 37 (SD 7.7) years old; and all self-identified as male.8 Information about AEs is summarized in Table 1.


TABLE 1 Demographics of audio engineer (AE) participants.

[image: Table 1]

ELs were screened to be 18 years and older, comfortable with reading written English and communicating through either verbal English or American Sign Language, and had at least 1 year of experience using their CI for an average of over 5 h per day. Of the 10 ELs recruited, one used a CI on both ears, eight used a CI on one ear and a hearing aid on the other, and one used a CI on one ear and no hearing aid on the other. ELs were an average of 59 (SD 19.4) years old; four self-identified as male, six as female, and none as non-binary or non-conforming. Seven of the ELs had previous experience playing musical instruments for more than 5 years. Demographics, CI information, and music-listening and instrument experience of ELs are detailed in Table 2.


TABLE 2 Demographics of expert listener participants.

[image: Table 2]



3.3 Stimuli

The music segments for the mixing tasks were drawn from the following genres: folk, hip-hop, electronic dance music, soft pop, and funk. This selection was aimed at representing a broad range of diverse popular musical styles, as well as ensuring a wide range of dynamics, frequencies, timbres (both acoustic and synthetic), and tempi were present. An additional single recording of speech-in-noise was presented. The durations and genres of the clips were chosen to balance timbral and stylistic diversity while managing practical considerations of the AEs' time. The duration of each music or speech excerpt was approximately five seconds. This was selected to allow for a variety of genres to be used for stimuli, while remaining feasible for the AEs to mix multiple times, as longer clips would place an additional burden on the volunteer AEs. The funk clip was selected to be extended to 30 seconds to allow for at least one of the clips to allow for additional contextualization of timbre and instrumentation changes within the same clip. with the exception of the funk clip, which was chosen to be 30 seconds to fit the phrase length and to contextualize timbre and instrumentation changes. Stimuli were acquired from the Cambridge Music Technology's “Mixing Secrets For The Small Studio—Free Multitrack Download Library”.9 A full list of stimuli is available in Supplementary Table 1. Participants were asked to listen to the stimuli using the technologies and CI mappings they would ordinarily use when listening to music for enjoyment. These differed from participant to participant and are captured in Table 2.



3.4 Study design and data collection

After screening and consenting, each participant was given a study identification number that they used to complete all surveys and submissions. Participants began the study by completing an online pre-study survey and initial interview. AEs were then asked to complete the mixing and survey submission portion of the study before completing an exit interview and final survey. ELs were asked to provide written feedback on an AE's mix and complete an online mixing preference survey. The steps of the procedure are summarized in Figure 1 and discussed in more detail below.


[image: Figure 1]
FIGURE 1
 Methods flow diagram. Summary of the study design and procedures for both professional audio engineers (AEs) and expert listeners who use cochlear implants (ELs). Both AEs and ELs completed a screening survey, a pre-study survey, and an initial individual interview. AEs then mixed all clips as they normally would (Mix 1) and used the CI simulator (Mix 2). ELs provided feedback to the AEs who then incorporated this feedback into Mix 3, as well as incorporating additional feedback from a peer AE for Mix 4. AEs completed an exit survey and interview while ELs completed a CI-MuSHRA listening preference and exit survey.



3.4.1 Surveys

All surveys were administered digitally using Qualtrics.

The EL screening survey consisted of questions regarding participants' demographic information, their history of hearing assistive technology use, music listening habits, genre preferences, prior experience playing music, and their preferred mode of music playback (headphones, direct-to-CI streaming, stereo speakers, etc.). The AE screening survey contained demographic questions as well as questions relating to their audio engineering practice and history such as the genre they primarily work in, the audio equipment they primarily use, the role of feedback in their mixing practice, and how often they listen to their mixes on different audio systems before finalizing a mix.

In their pre-study surveys, both AEs and ELs completed the two hearing attitudes questions, namely “How do you feel when thinking about your hearing changing in a noticeable way?” and “How do you feel when thinking about other people whose hearing is different from yours?” Additionally, AEs were asked to rate “How important is feedback to your process?” on a 1–5 scale, with 1 being “not important at all” and 5 being “very important.” ELs were asked to rank between four mixing conditions that would produce “the best audio experience” for (1) “CI users” and (2) “a broader audience.” Both groups of participants were also asked to rate their level of agreement with three statements reflecting different emotions and potential anxieties, namely:

1. I am nervous when I think about my hearing changing in a substantial way.

2. I am concerned for my career when I think about my hearing changing in a substantial way.

3. I am concerned for my emotional well-being when I think about my hearing changing in a substantial way.

As these statements were designed to evaluate hearing-ability-related anxieties across the study, AEs completed these questions in the pre-study survey as well as after each of the four mixes (Baseline, CI Sim, EL Feedback, Peer AE Feedback). Participants responded on a 1–5 scale, with 1 being “not at all” and 5 being “extremely.” AEs also reported how deeply they considered the diversity of hearing abilities in the mix they most recently completed in their previous mix on a scale of 1 (“not at all considered”) to 5 (“very much considered”) upon submission of the mix.



3.4.2 Mixes

In this context, “mix” refers to the practice of using various processes to adjust the volume and other acoustic parameters of different instruments and elements of a single piece of recorded music in an attempt to produce a final result that is technically and aesthetically aligned with the artist or composer's intent. The AEs were asked to mix each of the six short clips of audio in the following rounds:

Mix 1, Baseline: Create a baseline mix, as if mixing for commercial release.

Mix 2, CI Sim: Re-mix “Mix 1” through a CI simulation plug-in.10

Mix 3, EL Feedback: Re-mix “Mix 2” after receiving written feedback from an EL with the option for additional email correspondence.

Mix 4, Peer AE Feedback: Re-mix “Mix 3” after receiving written feedback from a peer AE who is aware of all the details of the study.

The CI simulation employed in the study used a 16-band noise vocoder, a simulation technique used in previous studies (Mehta and Oxenham, 2017; Goldsworthy, 2019). This method was selected as it has been shown that noise vocoder simulations increase the difficulty of speech perception tasks (Whitmal et al., 2007; Chen and Lau, 2014), and that this increased difficulty may better reflect the uncertainty of the simulation better than other techniques, such as a tone vocoder. While it was emphasized to AEs that these simulations are coarse and do not perfectly model the perceptual experience, the resultant mixes in round 2 would likely be different if an alternate simulation strategy were used. Future work is needed to better understand this relationship.

To increase the consistency of data for analysis, the AEs were asked to mix using only default Reaper audio effects and processes; no third-party plugins or analog outboard effects units were permitted. Once an AE was satisfied with the mix in a given round, they submitted the Reaper project file to the research team (who analyzed the project file and rendered the audio) and completed a short survey regarding the most recent round of mixing.



3.4.3 Feedback

ELs and the peer AEs were sent anonymized SoundCloud links to stream each mix for which they were asked to give feedback. They then provided feedback via an online survey by answering three open-ended prompts: (1) “What I enjoyed,” (2) “What could be improved in the clip for me to enjoy it more,” and (3) “Additional questions and comments I have.” This feedback was compiled into an anonymized document and sent to the corresponding AE, who then had the option to reply or ask additional questions via email. All email exchanges were anonymized and facilitated by the research team.



3.4.4 Interviews

All interviews were conducted by researchers via Zoom; each interview lasted approximately 30–45 min and consisted of one to three members of the research team and an individual participant. Interviews were transcribed and anonymized for analysis, after which the original recordings were deleted.

All participants were interviewed at the beginning of the study. In EL interviews, the research team first communicated the goal of the study and various steps involved, after which ELs were invited to ask clarifying questions to ensure they understood all steps of the study protocol. We then used a semi-structured approach with questions to cover the following topics with the EL: Personal relationship to hearing/hearing status; perceived effectiveness of CI simulation or feedback in aiding the AEs to produce more pleasing mixes; perceptions of the music industry and the role of an AE; and the degree to which they anticipated the AEs would sincerely take their feedback into account.

AE initial interviews followed a similar structure, with additional onboarding time allocated for them to watch a 5-min video overview of the mixing project files, with emphasis placed on the custom audio routing within the project files as well as the restrictions placed on third-party plug-in use. After AEs confirmed they understood the tasks of the study, they were also engaged in a semi-structured interview with questions from the following topics: The AE's usual mixing process including defining goals, reference tracks, and use of external feedback; the AE's guess of what the simulator might sound like; how they anticipate the feedback process will personally feel; and how helpful they think the feedback will be.

Exit interviews were completed by AEs to gain a deeper understanding of both the technical and empathetic processes they underwent during the study. These followed a similar format as the initial interviews, however with the questions rephrased as reflections of the AEs' experience in the study. Additional time was given to AEs at the end of the study to explain the broader purpose of the study, explain that the lived experience of CI users is very different from what the simulator could approximate, and finally invite them to ask any remaining questions they had.



3.4.5 Assessing listening preference using a modified CI-MuSHRA

Following the completion of all mixes by all of the AEs, ELs were asked to rate their enjoyment of a subset of these mixes using a re-purposing of the CI-MuSHRA (Multiple Stimuli with Hidden Reference and Anchor for CI users) framework for CI users (Roy et al., 2012). MuSHRAs are used in the field of auditory perception, specifically in the assessment of audio quality (Series, 2014; Caldwell et al., 2017). The structure of the test allows for the establishment of a known point of comparison (the labeled reference) as well as a built-in check to ensure participants are adequately attending to the task (the hidden reference and anchor). In the present paradigm employed, ELs were asked to rate each of five unlabeled clips against a reference clip on a 0–100 scale, where 50 indicated enjoying the clip as much as the reference, 100 mapped to “enjoy substantially more,” and 0 indicated “enjoy substantially less” as shown in Figure 2. The modified MuSHRA contained two trials for every genre and the order of mix presentations was randomized. The “matched-feedback” trial contained only mixes by the AE to whom the EL gave feedback, with mix 1 serving as both the labeled and hidden reference. The “unmatched-feedback” trial contained the same reference and hidden reference as the “matched-feedback” trial; however, mixes 2, 3, and 4 in this trial were each selected from another AE, to whom the specific EL completing the survey did not give feedback.
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FIGURE 2
 MuSHRA interface. Example of the interface used for the modified Multiple 292 Stimuli with Hidden Reference and Anchor for CI users (CI-MuSHRA) task containing dedicated “Play” and “Pause” buttons for the reference clip, as well as a set of five sliders and five “Play” and “Pause” buttons, one for each of the clips being rated. In this example, the first two clips have been rated, and the number corresponding to the rating is shown to the right of each slider.


The modified CI-MuSHRA, therefore, contained one reference and five clips per trial, namely the hidden reference, the hidden anchor, and mixes 2, 3, and 4. The anchor was constructed by applying a 1 kHz lowpass filter to the reference mix and then introducing uniformly distributed white noise until a signal-to-noise ratio of 16 dB was reached, the same anchor generation strategy used by Roy et al. (2012). All audio was normalized to -30 dB RMS to control for loudness differences between the unmastered audio mixes. In addition to the modified MuSHRA ratings, ELs were asked to identify specific attributes of the mixes that they rated most highly.




3.5 Analysis
 
3.5.1 Analysis of survey data

We visualized quantitative survey results for interpretation. Given the small sample and exploratory nature of the present work, we chose not to perform statistical analyses. In visualizing ordinal response data, we added a slight jitter to individual data points for greater visibility of individual observations.



3.5.2 Analysis of interview and feedback data

Three reflexive thematic analyses were conducted (Braun and Clarke, 2019): one for combined AE interviews, one for EL interviews, and another for EL written feedback they provided to the AE during the third mix. Researchers first familiarized themselves with all EL and AE data and then generated codes for each of the three analysis groups, separately identifying all relevant topics and sentiments that emerged. These codes were then grouped into initial themes. The researchers went through several iterations of comparing developed themes against the existing data to ensure that all relevant aspects were captured and that themes were adequately combined or separated to best represent the data. The two sets of data were coded once the themes and descriptions for each were finalized. All quoted materials are given with reference to the participant identifiers listed in Tables 1, 2.



3.5.3 Analysis of modified MuSHRA data

All clips were rated with respect to the baseline reference mix using a modified MuSHRA framework on a scale of 0–100, with 0 being “enjoy substantially less,” 50 being “enjoy equally,” and 100 being “enjoy substantially more,” as outlined in Methods and Materials. Eight of 10 ELs completed the mix preference survey, resulting in a total of 440 rated clips. Of these, 50 ratings were incomplete and removed, resulting in 390 valid clip ratings. After removing ratings for the hidden baseline and anchor mixes, which were used as analytical reference points, 264 valid ratings were made spread across the simulator mix, EL feedback mix, and peer feedback mix categories. Relative improvement for each mix was calculated as the difference between the rating for each clip and the hidden reference. Mixes that were rated higher than the hidden reference were labeled as preferred mixes and separated for additional analysis.

For the preferred mixes, data regarding the mix condition and the relationship of EL to the AE who produced the mix (paired for feedback or non-paired) were tabulated and visualized.

The project files for all preferred mixes were opened in Reaper and analyzed by a research team member trained as an AE. The researcher documented the plug-in chain used on individual tracks within each mix and the approximate settings of each plug-in. These were then compared to the elements of the mix identified by the ELs as particularly successful, and a list of mixing trends in preferred mixes was synthesized.





4 Results


4.1 EL findings
 
4.1.1 EL pre-study survey

In pre-study surveys, ELs ranked which of the four mixing conditions (baseline, CI sim, EL feedback, peer AE feedback) they thought would lead to the best audio experience for CI users as well as a broader audience; results are summarized in Figure 3.
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FIGURE 3
 ELs' pre-study mixing condition rankings. Stacked bars summarizing ELs' pre-study rankings of which mixing conditions they thought would lead to the best audio experience for CI users and a broader audience. For both contexts, the initial baseline mixes received the lowest rankings overall. For CI users, mixes informed by EL feedback were considered more valuable, while for a broader audience rankings of CI sim, feedback, and EL feedback were more evenly distributed.


Regarding the best experience for CI users, all 10 ELs ranked the baseline mixing condition last (fourth). Rankings for both the peer feedback and CI simulation conditions were mixed, with the CI simulation condition ranked slightly higher. Notably, EL feedback was ranked first by eight ELs and second by the remaining two. Regarding the best audio experience for a broader audience, ratings were more mixed: Six of ten ranked baseline fourth, and two ranked CI simulation and peer feedback as fourth; EL feedback received a mix of first-, second-, and third-place rankings.



4.1.2 Thematic analysis of EL interviews

We interviewed ELs at the beginning of the study to learn more about their views on topics framing this study. Through thematic analysis of interview transcripts, we identified three main themes.

First, the theme of Relationship to hearing assistive technology encompassed responses related to changes in technology, changes in physiological hearing, and CI sound processing characteristics. Changes in technology involved ways in which innovations, updates, and modifications to hearing assistive technologies—including CIs—impacted users' music-listening experience. Examples included direct-to-device streaming via Bluetooth as well as the ability for users to change and adjust device programs through the use of an app. ELs also commented on how changes in physiological hearing—such as a change in residual acoustic hearing years after implantation, or “when I stopped being able to use my hearing aid [on my non-implanted side]” (EL8)—impacted their experiences. These reports highlighted that the combination of all hearing modalities, not just the CI itself, informs an EL's music listening experience. However, ELs did note the many ways in which CI sound processing characteristics impacted their music listening experience. Here, interviewees highlighted changes in the timbral qualities of the sound, describing the sound as “robotic and tinny” (EL7), as well as the dynamic qualities of sound, such as the compression and noise gating of broad-spectrum sound such as concert-hall applause (EL2).

The second theme involved ELs' varied Relationship to music. Like other groups of listeners, ELs mentioned aesthetic and genre preferences. For example, EL4 stated: “Church music is the only [genre] I voluntarily listen to, I don't bother with anything else anymore”. Also noted by several other ELs, EL4 stopped engaging with particular genres due to changes post-implantation: “After using [the CI], I hear something musical in what you might call single-threaded [or monophonic] music.” Moreover, familiarity with a piece of music played a big role in their music enjoyment, mentioning that if a song is “... familiar, I [can] hear it much better” (EL4). Finally, the role of context of listening was apparent, with some ELs citing preferences for live music and even particular venues: “Old concert halls get the acoustics right” (EL3). Other ELs expressed that multi-modal engagement contexts were particularly helpful such as “dancing with [my partner], [they] lip-synced the words. It really helps” (EL1).

Third, ELs' Perceptions of the music industry largely focused on the role of AEs, given the context of the study. One sub-theme expressed by ELs was bi-directional empathy, namely an assumption of empathy on the part of the AEs, stating that “[AEs] must have a lot of empathy to do what they do” (EL9). ELs additionally expressed empathy for AEs, highlighting their knowledge of the challenges present in the AE profession: “[AEs] just have so many people to please” (EL10) and “It seems really complicated, what they're doing” (EL4). However, ELs also expressed a strong feeling of exclusion from the functioning of the music industry. When asked who they suspect the target audience is for recorded music, all 10 ELs expressed that they did not feel part of that target demographic, stating that music is made “not [for] me, not [for] people with hearing impairments” (EL4). Finally, some ELs expressed a strong desire for increased agency or control over their music listening experience, with one EL stating, “If someone would just attach an equalizer [to my CI] and let me play with it, that might be something productive” (EL3).



4.1.3 Thematic analysis of EL feedback

We conducted a reflexive thematic analysis of both the initial EL feedback and the facilitated email correspondence between AEs and ELs. Only two AE–EL pairs engaged in facilitated correspondence, as the other eight AEs opted to not ask any clarifying or follow-up questions after receiving the initial feedback.

The first main theme identified was Subjective preferences and affective perceptions. Here, ELs often referred to the emotion or to affective qualities they experienced or perceived to be communicated by the music, such as “Relaxing to listen to” (EL3), “Lively music... good vibe” (EL1). In addition, ELs expressed preferences for specific styles or genres of music, such as “I like folk [music] better than some of the other genres.” (EL5). ELs also expressed a disinterest in certain styles of music, such as “[Hip-hop] is just not my kind of music” (EL10), with some even opting to not provide feedback for mixes of unpreferred genres.

Another theme in ELs' written feedback was Sonic and musical characteristics. ELs made explicit mention of pitch, frequency, or register of musical material stating that “Perhaps the speaker's voice might come through better if [it was] in a different frequency” (EL10), “I do better with instruments in the range of male voices” (EL7). The musical function (melody, harmony, and rhythm) of sounds was another factor in many EL suggestions, such as “Rhythm is a part of music that does get through properly, but this had nice musical threads in the [melody] in the background as well” (EL4). The sonic characteristic of an instrument or sound, i.e., the timbre, was important to many ELs as evidenced in requests that sounds be “less twangy” (EL10), and comments that they “sounded ‘scratchy”' (EL8) and “I'm picking up lots of treble in the strike of the string” (EL7). Veridicality—the perceived correctness of a recorded sound and its connection to an acoustic instrument—was a factor for some ELs, such as “... [Is] that how the instrument really sounds?” (EL7). Some even expressed uncertainty in instrument classification, e.g., “I believe I heard a guitar” (EL6). ELs made explicit reference to spatialization and their perception of depth and 3D space, commenting that the “beat sounds shallow—depth is lacking” (EL10), and noting “I'm surprised at how much this mix makes the voice stand out in a 3-D way” (EL8). Finally, many overt mentions of the influence of hearing assistive technologies were made, and their impact was very salient to some ELs: “With both aid and CI, I liked this best. With only the CI, it is pretty awful.” (EL10); “Details are usually lost in the noise of the CI” (EL4).

The third and final theme, Separation of sonic elements, implicated audio stream segregation as well as clarity and masking. The ELs' ability to meaningfully distinguish between two or more instruments or musical elements playing at the same time in a mix through audio stream segregation was reflected in favorable comments that “The separation of the instruments was easy to listen to” (EL7), or that “Here I was able to enjoy the complexity of multiple parts intertwined and contrasting, with musicality in the background” (EL4). This was often achieved through balancing the perceived loudness of certain instruments relative to one another, e.g., “The rhythm guitar seems too loud in the mix” (EL7). In addition to separation through perceived loudness, the perceived intelligibility of a musical element relative to the mix through clarity and masking was an important factor: “The voice was easy to identify” (EL7).




4.2 AE findings
 
4.2.1 AE survey data

In the pre-study survey, AEs answered demographic questions whose answers are captured in Table 1. Additionally, AEs rated “How important is feedback to your process?” on a 1–5 scale, with 1 being “not very important” and 5 being “very important”. Responses to this question ranged from 2 to 5, with a median value of 4.

AEs were asked several questions in both the pre- and post-study surveys. When asked “How effective [will] the EL's feedback be in supporting you to mix music that is more enjoyable for the person giving feedback?”, pre-study ratings ranged from 3 to 5 (median 4) and post-study ratings ranged from 2 to 5 (median 4). This question was repeated but “for a broader audience;” ratings to this ranged from 1 to 5 (median 3) pre-study and ranged from 1 to 5 (median 2) post-study. When asked how effective they think/thought the CI simulation will be/was in “supporting [them] to mix music that is more enjoyable for the person whose hearing is being simulated,” on a 1–5 scale, pre-study ratings ranged from 3 to 4 (median 3) and post-study ratings ranged from 2 to 4 (median 3). The same question was asked, but “for a broader audience,” and pre-study ratings ranged from 2 to 4 (median 3) and post-study ratings ranged from 1 to 4 (median 2).

When discussing their usual process of mixing, AEs highlighted five common approaches they generally took to chronologically organize their mixing efforts. Three AEs used a “bottom-up” mixing approach, focusing on instruments in order of frequency content from low to high, while one AE used a “top-down” approach, mixing from high- to low-frequency content. Three AEs generally used a “drums then vocals, then everything else” approach, while two used a “broad strokes, put out fires” approach, which started with a rough mix of all the instruments, followed by mixing instruments in order of perceived problems. Finally, one AE described their mixing chronology as “lead instrument first, then everything else.”

Throughout the study, AEs used a 1–5 scale to report their agreement with a series of statements about anxiety and concern related to hearing loss. Individual participants' agreement at the pre- and post-stages are given in Figure 4. For the statement “I am nervous when I think about my hearing changing in a substantial way,” the median response shifted from 3 to 4 over the course of the study, with agreement increasing for six participants. Median agreement with the statement “I am concerned for my career when I think about my hearing changing in a substantial way” increased from 3.5 to 4, with five participants increasing their agreement between pre- and post-measures. Finally, for the statement “I am concerned for my emotional well-being when I think about my hearing changing in a substantial way,” median agreement again increased from 3.5 to 4; for this statement, seven participants reported higher agreement in the post-measure.
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FIGURE 4
 AEs self-reports of concern before and after the study. AEs reported their level of agreement on a scale of 1 (“not at all”) to 5 (“extremely”) throughout the study to the following statements: “I am nervous when I think about my hearing changing in a substantial way,” “I am concerned for my career when I think about my hearing changing in a substantial way,” “I am concerned for my emotional wellbeing when I think about my hearing changing in a substantial way.” Y-values have been slightly jittered for visualization purposes.


At the conclusion of each of the four rounds of mixing, AEs were asked to use a 1 (“not at all considered”) to 5 (“considered extremely deeply”) scale to report the degree to which they considered the diversity of hearing abilities in the mix they most recently completed. Individual AE ratings are shown in Figure 5. At the conclusion of the first baseline mix, ratings ranged from 2 to 5 (median 3) while in all subsequent mixes, all 10 AEs gave a rating of 5.
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FIGURE 5
 AEs' consideration of aural diversity. AEs responses to the question “During your most recent mix, to what degree did you consider the diversity of hearing ability among listeners?” AEs reported their level of consideration on a scale of 1 (“not at all considered”) to 5 (“considered extremely deeply”). Y-values have been slightly jittered for visualization purposes.




4.2.2 AE interviews

We identified five main themes from a thematic analysis of combined pre- and post-study AE interview transcripts. The first theme, involving AEs' Attitudes toward aural diversity, manifested in several ways. Some AEs expressed anxiety around hearing change, highlighting worry in relation to their own hearing changing noticeably, concerns regarding age-related hearing loss, and the longevity of their audio engineering career. AE3 highlighted, “My hearing is good, and it's got to be, that's how I [can] work [in the music industry].” These anxieties were heightened by CI simulation before the final debriefing in the last interview. A subset of AEs expressed satisfaction or pride in not having any diagnosed hearing impairments, while others discussed their own personal aural diversity, such as acquiring tinnitus and high-frequency hearing loss related to playing the drum kit (AE7). AEs' feelings about and opinions of others with hearing impairment consisted of a combination of empathetic feelings—of trying to imagine or embody their experience, including frequent mentions of the CI simulation as both a mechanism and motivation for this (AE4)—and of sympathetic feelings—of pity, sadness, or mourning the assumed impact of others' hearing impairment on their enjoyment of music (AE2, AE5, AE9), with AE5 stating, “I wish everyone could hear perfectly.” Several assumptions regarding AEs' perceptions of music enjoyment of DHH people included the assumed techniques, technologies, and musical curation process used by DHH people in their music engagement practice, such as the use of haptic technologies to augment musical experiences, as well as the assumption that music with strong rhythmic information and/or a large amount of low-frequency information would be preferred, summarized by AE3 stating “I'd guess [DHH folks] just like the bass really blasting.”

The second theme involved the Novelty of the tasks being asked of the AEs in the study. Responses in this area highlighted, for example, AEs' concerns that their prior experience would not fully transfer into this new technical and aesthetic context. AE4 noted, “The rules of my hearing don't seem to apply. So all the things I've learned about mixing go out the window.” The nature of the CI simulation was unexpected by every AE, with reactions ranging from surprise to disbelief: “My initial reaction was like, I don't think I can make this make sense to me, to my hearing” (AE4). Two AEs contacted the research team to ensure that a technical error had not occurred. AE2 notably balanced the tension between the simulator and EL feedback, stating that “The simulator is still just [the researcher's] interpretation of somebody else's hearing. Having it go through somebody who that's their reality, that feels more real to me.” Many AEs adopted an active change in perspective to deliberately attempt to shift their listening practices and mixing goals, noting that “It's like a complete re-orientation and navigating what is the goal” (AE3).

Third, AEs discussed Technical aspects of the mix. They expressed concerns regarding the mix translation—namely if the mix would sound as desired across non-assistive technology playback devices, such as phone speakers and car sound systems, and across listening situations, such as in a club or as background music in a restaurant. Technical limitations associated with using only Reaper stock plug-ins were noted by AEs, with notable omissions such as the lack of saturation or de-noiser plug-ins (AE5, AE9). Regarding the mixing process itself, two primary techniques were used by the majority of AEs, namely to essentialize the mix by highlighting the most important elements and removing other elements, and to exaggerate those important elements through strategies to make the highlighted elements sound larger, clearer, louder, or in a wider range of frequencies. This was balanced by a tension concerning the natural, veridical nature of elements in the mix and a desire to not alter them past the point where they are no longer perceived as that instrument or sound.

Regarding Listener feedback, AEs notably highlighted the relationship between technical language and lay language. Individual and situational factors impacted the preference of AEs to receive feedback that is either specific and uses technically precise language, or more general and uses lay language or metaphor. Technical feedback was largely provided through the peer AE feedback and included discussions of feeling validated about both the task's difficulty and perceived effectiveness of their strategy, as well as tendencies to defer to the peer's expertise and implement their advice, with AE2 noting that “As much as it feels good to be validated by peers, that's just for us.” The AEs' opinions of EL feedback included general deference to the EL's opinion and a strong desire to implement all of the EL feedback. This was held in tension with the perceived vagueness of some feedback and the level of interpretation required when implementing this non-technical feedback. Additional tensions existed between navigating the assumed motivation behind certain feedback as stemming from personal, aesthetic preference or as being a direct result of CI usage.

Lastly, the role of industry and genre Conventions on AEs' process manifested in the discussion of the purpose/goal of the mix. This included assumptions and internal negotiations regarding the perceived goal of the mix, which ranged from conveying emotion or artistic intent to pleasing the client or artist, a general audience, and/or oneself as an AE. AE2 noted that “When mixing, I think of other people but my taste is the deciding factor.” Genre, technical, and cultural norms additionally have a large influence on the learned aesthetic conventions, perceived expectations, and technical strategies and techniques AEs used during the mixing process: “If it's Hip-Hop, I already know I'm gonna be boosting the bass, boosting the kick” (AE5). Additionally, AEs noted distinct moments when they knowingly broke from these conventions, such as AE1's observation that “[without the simulator] my changes would have been more subtle and less drastic.”




4.3 Mix analysis

After all four mixing stages were complete, eight ELs completed the listening preference survey using the CI-MuSHRA paradigm detailed in §2. After removing incomplete ratings, 264 valid ratings of non-reference, non-anchor mixes were made. Preferred mixes were selected if a mix was rated higher than the hidden reference and hidden anchor to which it was being compared. The results of the rating portion of the survey are summarized in Figure 6. Of the 264 valid ratings of non-reference, non-anchor mixes obtained, 100 mixes were found to be preferred over their hidden anchor. Of these 100, 34 were from the EL feedback condition, 29 were from the CI simulation mix condition, and 37 were from the AE peer feedback condition. Of the 34 preferred mixes of the EL feedback condition, 20 were rated as preferred by the EL who was paired with the AE for that mix, while 14 were rated as preferred by an EL who did not give feedback on that specific mix.


[image: Figure 6]
FIGURE 6
 Distribution of preferred mixes by mixing stage. Summary of (bottom) the number of preferred to non-preferred mixes, (middle) the distribution of mix conditions within the preferred mixes, and (top) the number of paired and non-paired mixes present in the preferred mixes of the EL feedback condition.



4.3.1 Mixing trends in preferred tracks

At the end of each genre section of the mix preference survey, ELs were asked: “Of the clips of music that you most enjoyed on the previous page, which aspects of the sound or music did you most enjoy?” The reasons for high mix ratings given by ELs were grouped into nine categories, namely:

1. The musical elements were easily distinguished.

2. The volume balance between musical elements was pleasing or appropriate.

3. The beat or rhythm of the music was pleasing.

4. The timbral quality of one or multiple elements was pleasing.

5. The clarity of a particular musical element was pleasing.

6. A sense of depth or space was conveyed.

7. The overall aesthetic coherence of the mix was pleasing.

8. The overall sound of the piece was less dissonant than others.

9. The mix was the “least worst”, but nothing was particularly enjoyable.

After analysis of the project files of preferred mixes, several common processing techniques were identified. The relative frequency of these techniques across mixes are shown in Table 3:

1. Heavy compression and additive, band-pass EQ on percussive elements.

2. Drums and lead vocals or lead melodic instruments mixed relatively loud compared to other instruments.

3. The removal or muting of numerous musical elements, particularly those playing pads or chords.

4. Large boost of sub-100Hz frequencies using a low-Q filter or multi-band compression on the bass and/or kick drum.

5. Large (+12dB or more) EQ boosts in the upper mids of lead vocals or lead melodic instruments.

6. Multi-band compression to reduce mid-range frequencies on the drum bus.

7. Octave shifting of bass lines, kick drums, or background vocals one octave higher.

8. Octave shifting of lead vocals or lead melodic elements one octave lower.

9. A pseudo-rearrangement using a long, single-tap delay on a vocal line, essentially moving it to a different, less-busy time in the song, similar to having a backup singer repeat a vocal line after it has been sung by the lead singer.


TABLE 3 Frequency of identified mixing technique used in each round of mixing (50 mixes per round), and across preferred mixes (100 preferred mixes).
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5 Discussion

Several of the mixing strategies implemented in preferred mixes supported findings from previous work. Musical elements that were deemed non-essential were either removed completely, had their volume reduced, or were subtractively equalized to reduce their spectral complexity (Nagathil et al., 2015; Pons et al., 2016; Hwa et al., 2021). A preference for retaining percussive elements as well as the voice (if present) was also seen. This supports previous findings in which CI users demonstrated a preference for music with more sparse instrumentation, strong rhythmic features, and musical elements with less spectral complexity (Kohlberg et al., 2015; Nagathil et al., 2015; Nemer et al., 2017; Gauer et al., 2018). Similarly, techniques to enhance certain musical elements, such as bass boosting, were seen in previous work and the majority of the preferred mixes (Buyens et al., 2014; Hwa et al., 2021; Krüger et al., 2022). However, other enhancement strategies, such as the inclusion of additional harmonic saturation and distortion as well as pitch-shifting signals, were not featured prominently in previous literature, suggesting that these techniques may be beneficial in certain circumstances, although further work is required to understand the factors that influence the efficacy of these techniques.

The influence of stylistic familiarity and preference in this study was clear, with three ELs not providing feedback for the Hip-Hop clip and rating all of the Hip-Hop mixes relatively low. Strong individual differences and preferences resulted in greatly varying mixes of the same musical clips, but also in varied ratings among ELs. This supports previous findings that musical factors, such as musical complexity, number of instruments, and presence of voice, as well as individual factors of the listener, such as previous musical experience and subjective familiarity, influence the music listening experience of CI users (Kohlberg et al., 2015; Riley et al., 2018; Gfeller et al., 2019).

A notable mixing trend that emerged in this study – and has been explored in previous literature—is the addition of artificial reverb. While Hwa et al. (2021)'s work demonstrated a preference for additional reverb for musical sounds among CI users, Roy et al. (2015) identified that reverb had a negative impact on musical sound quality. Notably in our study, no EL requested reverb or used non-technical language to allude to wanting more reverb, space, or echo on any musical elements. Additionally, no AE elected to use reverb in any of the mixes in rounds 2–4. In contrast, several AEs expressed a desire to use a de-reverber plug-in, which would remove reverb and echoes from a signal.11 AEs stated that additional reverb reduced the clarity of some instruments once processed through the CI simulator in the second round of mixing, and no AE elected to use artificial reverb in response to feedback in rounds three or four, even if they had used artificial reverb in their baseline mix. This difference may be due to signal or stylistic differences in the stimuli, the influence of the CI simulator on AEs, or ELs not being aware of reverb as a parameter that could be adjusted in the mixing process.

The CI simulation had a notable impact on AEs with many expressing disbelief or confusion upon hearing the CI simulation.12 Four AEs stated in interviews that the CI simulation was effective in prompting them to read the ELs' feedback more earnestly and apply more radical mixing strategies as they did not previously understand the nature of audio perception through CIs. This partially supports Embøl et al. (2021)'s finding of increased feelings of understanding among non-hearing impaired parents of children with CIs. The reasons for this may be similar as despite the AEs in the study not having extensive experience or training regarding CIs, they have a non-cursory relationship to hearing ability and audio technology as well as a vested interest in pleasing the “client,” in this case the EL. Additionally, the listening experience of CI users is something that many people, including AEs, are generally very unfamiliar with. This unfamiliarity with a specific assistive technology may also be a modulating variable that may impact the efficacy of Disability and assistive technology simulations for empathy generation.


5.1 Design insights
 
5.1.1 Employing essentialization and exaggeration strategies

Based on a combination of thematic analysis of AE feedback, EL requests, and EL exit interviews, two notable mixing strategies were particularly apparent, namely to essentialize the mix through removal or lowering the volume of non-essential musical elements and subtractive equalization, as seen in previous work (Kohlberg et al., 2015), and to exaggerate the remaining elements through volume boost, compression, saturation, boosting equalization, and addition of higher or lower octaves. However, deciding which musical elements to preserve and/or exaggerate is not a trivial task as the factors that influence this decision are largely subjective (Pons et al., 2016). The peer AE, who provided feedback on all ten mixes in the final stage summarized this trend: “This is a different mixing philosophy. I find when mixing you're trying to marry sounds together... When the simulator was on, it would just blur so cohesion wasn't helping, it was making it worse. The key seemed to be to essentialize.”

The common groupings of mixing techniques used in favorable mixes could be leveraged to add additional control and nuance to prior work that explored empowering CI users to control aspects of their music listening experience (Hwa et al., 2021). A larger evaluation study that employed statistical methods would be needed to better understand the utility of the mixing strategies identified in this study. To facilitate the inclusion of non-experts into these future studies, the identified mixing techniques could be grouped into individual settings and given non-technical labels, such as “clarity,” “fullness,” or “punch,” as illustrated in Figure 7.
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FIGURE 7
 Mock UI of a proposed web-based mixing tool. A mock UI of a web-based tool empowering DHH users to adjust sound properties such as volume, panning, “Clarity,” and “Weight” for discrete musical elements in a piece of recorded music.


The breadth of digital tools available that could be used to personalize, augment, and translate musical experiences for DHH users shows great potential (Pons et al., 2016; Hwa et al., 2021; Althoff et al., 2024). Future work may also explore the design space of multi-track music distribution to remove the need for potentially lossy stem separation that may benefit listeners for who source separation artifacts impact their listening enjoyment (Pons et al., 2016). With remixing cultural and generative artificial intelligence tools heavily problematizing the notion of a recorded piece of music as an untouchable urtext, new distribution formats that empower creative listening and remixing practices could be created. As new formats, tools, and interfaces for music listening are created, there is an opportunity to begin addressing accessibility concerns earlier in the design phase by engaging with D/deaf and Disabled communities from the beginning.



5.1.2 Highlighting user agency

The complex factors impacting the music enjoyment of CI users, as well as a strong desire for agency and control over music listening experiences expressed by some CI users, suggest that customizable, interactive, or personalized mixes may form a helpful addition to purely algorithmic approaches to address common frustrations around music enjoyment for CI users. Employing methods that encapsulate, infer, or generalize listening behaviors, preferences, and strategies (e.g., machine learning and deep learning techniques) can be particularly helpful in situations where users desire a more streamlined experience that does not require using an app or other tool. However, if the intention behind these methods is incorrectly communicated, these tools run the risk of creating and re-enforcing norms around music listening and appreciation among CI users, possibly suggesting that there is a “correct” music mix for CI users and that if a CI user does not enjoy that mix, they are at fault.

Additionally, while well-defined research targets like speech-in-noise scores and general audio quality measures may help address specific questions, using a more practical and contextual metric, such as enjoyment or desire to listen again may provide invaluable guidance and encourage more holistic design and implementation strategies. Tools that carefully consider the diversity of hearing abilities, listening strategies, aesthetic preferences, and situational and cultural contexts, combined with algorithmic approaches, hold exciting potential to improve music enjoyment for CI users.



5.1.3 Improving feedback systems

The results of this exploratory study also highlight the need for improved feedback mechanisms for both AEs and ELs. Several AEs' expressed a general deference to the ELs' opinion and showed a strong desire to implement all of the feedback given by the ELs. While some AEs appreciated less technical feedback that provided room for them to devise creative solutions in response to the ELs' feedback, a tension was present between the perceived vagueness of some feedback and the level of interpretation required when implementing this non-technical feedback. Therefore, ELs' could be empowered to provide more robust feedback that more clearly communicates what they desire, supporting the development of streamlined approaches to develop default initial mixes and facilitate the customization of subsequent mixes. Examples of this may include a library of example mixes ELs could reference or a real-time collaborative mixing interface where an EL could respond to the AE's mixing decisions in real-time and additionally allow ELs to show AEs what they want rather than simply telling them. Given both the diversity of preferences among CI users as well as the lack of training around auditory diversity for most AEs, uncertainty around “when to stop” and “how much is too much” when implementing EL feedback could be alleviated through a more robust feedback system.




5.2 Limitations

The study contained several limitations including the relatively small sample size and biased recruitment demographics. While this initial study indicated a breadth of music remixing and personalization preferences among CI users, with only 10 ELs, further research is needed to explore and characterize this diversity of preferences, and statistically evaluate the mixing techniques identified in this study. Additionally, the recruited AE cohort represented a lack of gender diversity. Results may differ with a more gender-diverse AE cohort and future work could use additional AE recruitment strategies, such as direct recruitment from AE training programs, to facilitate the recruitment of a more gender-diverse participant pool.

Seven of the ten ELS had played musical instruments for more than five years, and all were primarily familiar with Western tonal music, therefore the trends seen here may not hold for populations with different musical traditions and backgrounds, and future work utilizing statistical methods would be needed to confirm and further explore the findings of these studies, as well as their translatability across cultural and musical traditions. It was noted that the five-second audio excerpts proved challenging for some ELs, as the additional musical context of longer pieces of music is often helpful. Due to the time constraints present in the study, several genres were not included, such as jazz, rock, and heavy metal and should be explored in future work. However, even with the short clip lengths and limited number of genres, some AEs noted that the study's workload was challenging to complete. Additionally, some feedback provided by ELs addressed aspects of the music—such as song selection and compositional factors—that are out of scope for this study.




6 Conclusion

We have presented a mixed-methods study that leveraged insights from both AE professionals and EL CI users to investigate possible technical techniques to enhance CI user music enjoyment and promote empathetic listening practices in AEs. Two mixing strategies, namely essentialzing a mix by removing non-crucial musical elements, and exaggerating the remaining musical elements, were found to be common among mixes preferred by ELs. Common themes found throughout the interviews include systemic ableism/audism in the music industry that resulted in CI users feeling excluded from the music industry's target audience, AEs not receiving adequate training around aural diversity consideration, and AEs experiencing anxiety around their own aural diversity. Finally, this work corroborates previous findings of a strong desire among some CI users for increased agency over their music listening experience.
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Footnotes

1According to the National Institute on Deafness and Other Communication Disorders, https://www.nidcd.nih.gov/health/cochlear-implants.

2http://www.ninremixes.com/

3https://twitter.com/charli_xcx/status/1279090789419814913

4https://www.stemplayer.com/

5https://myxstem.com/

6The phrase “expert listeners” was chosen to highlight the lived-experience expertise that CI users have regarding CI listening and perception. As this study includes CI simulation, we found it of even greater importance to highlight the expertise of the CI users.

7https://www.reaper.fm/

8The unfortunate and notable gender disparity in the field of audio engineering made it extremely challenging to recruit a more gender-diverse cohort (Brereton et al., 2020).

9https://cambridge-mt.com/ms/mtk

10While it was emphasized to AEs that this was a very coarse approximation, the results of mixing in round 2 may differ if AEs used a different simulation method, such as a tone vocoder, and future work is needed to explore the effect of simulation choice on AEs mixing decisions.

11This type of plug-in was not made available to AEs during the study due to the study design of using only Reaper stock plug-ins for improved consistency in the analysis of the mixes.

12In all exit interviews, AEs were extensively briefed that the CI simulation is a very coarse approximation of the experience of a CI user and that the CI user's lived experiences and acquired expertise of listening through the device greatly impact their music listening experience.
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Preferred mixes

Compression and EQ on percussion 84% 88% 86% 86% 92%
Drums and/or lead mixed loudly 0% 86% 90% 90% 87%
Mute or remove musical elements 0% 84% 86% 86% 84%
Bass boost 42% 64% 70% 70% 63%
Large EQ boost in upper mids 0% 34% 46% 46% 41%
Multi-band compression, mid-range reduction 22% 24% 20% 20% 19%
Bass or kick, pitch-shifted up 0% 14% 14% 14% 11%
Lead melody pitch-shifted down 0% 6% 10% 10% 7%
Delay vocal line 0% 12% 16% 16% 1%
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Hearing

assistive tech

Current weekly
music listening

Pre-Cl weekly music
listening

Preferred genre

Preferred listening
method

Instrument
experience

ELL 61 She/Her CL(L), 1-2h 1-2h 80s, Beatles, classical Stereo speakers Piano, and Flute (20+ years),
CI(R) No longer play
EL2 75 He/Him HA (L), 3-7h 3-7h Classical Direct to CI streaming, Stereo Piano (high school), No
CL(R) speakers longer play
EL3 19 She/Her CI(L), 1-2h 3-7h 60-80s pop, classical, jazz Direct to CI streaming, Stereo Piano and drums, not played
HA (R) speakers since CI
EL4 62 He/Him CI(L), 0h 8-12h Church music, other simple, Direct to CI streaming, Stereo Guitar, piano, voice, No
HA (R) single-melody pop music. speakers longer play
Used to listen to classical.
EL5 72 He/Him HA (L), 0h 1-2h Classical, 60s pop Direct to CI streaming, Stereo Trombone and euphonium
CI(R) speakers (64 years), stopped for 13
years, restarted recently
EL6 78 She/Her HA (L), 1-2h 8-12h Opera, Pop Direct to CI streaming Piano as a child, No longer
CI(R) play
EL7 51 She/Her CI(L), 8-12h 12+h Jazz, classical guitar, solo flute | Laptop or phone speakers, Double bass (38 years), still
HA (R) or violin, adore 80s pop but Stereo speakers play, occasional piano and
need to listen to it as ukulele
instrumental-only now
EL8 36 He/Him CL(R) 3-7h 3-7h Pop, rock, contemporary rock | Direct to CI streaming, Stereo | None
speakers
EL9 77 She/Her HA (L), 0h 1-2h Pop or opera but only music Stereo speakers None
CI(R) they already remember
ELIO 68 She/Her CI(L), 3-7h 3-7h Pop and R&B Direct to CI streaming None

HA (R)
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AEL 43 | He/Him Mixing, Recording engineer; Composer Rock, metal

AE2 26 He/Him Mixing, Recording engineer; Composer Rock, jazz, church sermons, short films
AE3 43 He/Him Mixing engineer Hip-hop, TV, trailers

AE4 46 He/Him Mixing engineer; Composer Pop, rock, spoken word, video tutorials
AES 33 He/Him Mixing engineer Hip-hop, RnB, live church services
AE6 39 | He/Him Mixing, Mastering, Recording engineer; Composer Hip hop, funk, afrobeat

AE7 57 He/Him Mixing engineer Jazz, funk

AE8 42 He/Him Mixing engineer; Sound designer Video game sound tracks

AE9 35 He/Him Mixing and Mastering engineer; Composer; Sound designer Video game sound tracks

AE10 40 He/Him Mixing engineer Punk
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