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Noise reduction and dynamic range compression constitute two main signal processing modules 

for hearing enhancement in modern digital hearing aid devices. This dissertation covers 

personalization solutions for both of these two modules. First, in contrast to the great majority of 

previous works that are designed based on pre-collected datasets, in this dissertation, a 

personalized noise reduction solution is developed for field deployment which is capable of 

dealing with unseen noisy audio environments. More specifically, a deep learning-based approach 

is devised to improve speech denoising in real-world audio environments by not requiring the 

availability of clean speech signals as reference. A fully convolutional neural network is designed 

based on two noisy realizations of the same speech signal, one used as the input and the other as 

the target of the network. The results of extensive experimentations are reported to show the 

superiority of the developed personalized deep learning-based speech denoising approach over 

existing approaches. In support of personalized noise reduction, a personalized noise classification 

is also developed in this dissertation by performing the noise classification in an unsupervised 
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manner. Second, in contrast to the existing prescriptive compression strategies used in hearing aids 

which are devised based on gain averages from a group of users, a personalized compression 

solution is developed in this dissertation via a human-in-the-loop deep reinforcement learning 

approach. The developed approach is designed to learn a specific user’s hearing preferences in 

order to set compression ratios based on the user’s preference feedbacks. Both simulation and 

subject testing results are reported to show the superiority of the developed personalized deep 

learning-based compression over conventional prescriptive compression. In addition, four 

smartphone apps in support of the above two modules are developed in this dissertation which 

include the real-time implementation of noise classification, noise reduction, and dynamic range 

compression. 
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CHAPTER 1 

 

INTRODUCTION 

 

 

According to the World Health Organization (WHO), more than 450 million people around the 

world have some level of hearing loss and it is estimated that by 2050, this number would grow to 

more than 900 million people. Many who suffer from hearing loss are prescribed to use hearing 

aids.  

Two main functions or signal processing components in digital hearing aids is noise 

reduction/suppression and dynamic range compression. The hypothesis that is examined in this 

dissertation is whether personalization of noise reduction and personalization of compression 

would lead to improved hearing as compared to the approaches that are commonly being used for 

noise reduction and compression. 

In recent years, deep learning approaches have been increasingly used for noise reduction in 

contrast to conventional approaches such as Wiener filtering. The existing deep learning 

approaches normally attempt to establish the nonlinear relationship between noisy and clean 

speech signals via a deep neural network to recover clean speech signals. A major assumption 

made in these approaches is the availability of noise-free (clean) speech signals for training deep 

neural networks. In practice, the problem of noise reduction or speech denoising is more 

challenging due to the fact that clean speech signals are not known or available when operating in 

the field or in actual audio environments. In addition, the generalization capability of a trained 

network for all types of speakers and noise environments poses limitations in practice. This 

dissertation addresses the personalization of noise reduction by easing the requirement of having 

access to clean speech signals. 
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In order to have a more effective noise reduction, the ability to adapt to different noise types in an 

on-the-fly manner is needed. In most existing noise classifiers, the classification is carried out in a 

supervised manner to select a noise type or class among several previously trained noise classes. 

The training process of such classifiers involves first carrying out data collection and then running 

an offline training algorithm on the collected data. A major shortcoming of supervised noise 

classifiers is that they are not capable of coping with noise environments for which no training is 

done. As a result, the personalization of such classifiers to the noise environments encountered by 

a specific user cannot be achieved with ease since the training process needs to be repeated when 

a new noise environment is encountered. This dissertation addresses the personalization of noise 

classification as part of the personalization of noise reduction.  

In addition to noise reduction, the other main signal processing component of digital hearing aids 

is dynamic range compression. The compression process involves squeezing or fitting sound into 

the residual audibility range of a hearing aid user. In hearing aid fitting, so-called compression 

curves are set up by adjusting gains across a number of frequency bands based on a user’s 

audiometric profile. It has been reported that up to half of individuals using fitted hearing aids 

prefer amplification or compression settings different than the prescription provided. Considering 

that suprathreshold hearing perception varies from person to person and that acoustic environments 

encountered vary from person to person, having an approach to personalize dynamic range 

compression can improve hearing. This dissertation also addresses the personalization of dynamic 

range compression or amplification for hearing aids.  

In essence, the contributions of this dissertation lie in the development of machine learning 

solutions to personalize the two main modules of hearing aids: noise reduction and compression. 
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Since hearing perception varies widely among hearing aid users, it is hypothesized that the 

personalization of these modules leads to gaining more benefits out of hearing enhancement 

devices. 

The chapters of this dissertation are organized based on two journal and four conference papers 

that have already been published, with each chapter or paper addressing the dissertation objective 

from a different perspective. Each chapter provides an abstract, an introduction, a methodology, a 

discussion of the results obtained, and a conclusion.  

More specifically, Chapter 2 presents a personalized noise reduction solution by integrating a voice 

activity detector as part of a Wiener filter noise reduction speech processing pipeline. This solution 

has been implemented on smartphones as a real-time low-latency app to allow its operation in the 

field.  

Chapters 3 and 4 cover the details of an unsupervised noise classifier apps developed for the 

purpose of identifying different noisy environments in an on-the-fly manner as part of the noise 

reduction pipeline. The personalization of noise reduction is achieved by allowing users to adjust 

the gains across five frequency bands in noisy environments encountered by a user which are 

identified and labeled by the unsupervised noise classifier.  

Chapter 5 discusses a deep learning-based speech denoising approach, named noisy2noisy, that is 

developed to enable personalization of noise reduction and thus to achieve improved hearing in 

real-world environments. The developed approach performs speech denoising without requiring 

the availability of noise-free speech signals for training, which in practice are not available for 

various speakers and noise environments that get encountered in the field.  
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Chapter 6 describes the details of a developed open-source and easy-to-use web-based software 

tool for dynamic range compression. As part of this tool, a smartphone app is developed to allow 

the field testing of prescriptive compression strategies.  

Chapter 7 introduces a human-in-the-loop deep reinforcement learning framework for 

personalization of dynamic range compression used in hearing aids. The feedbacks from a user is 

placed in the learning loop for personalization of compression. A combination of a convolutional 

neural network and a bidirectional long short-term memory recurrent neural network is utilized to 

model a user’s preferences in those audio environments that are of interest to the user. Then, the 

compression ratios in different frequency bands are set via deep reinforcement learning.  

Finally, Chapter 8 summarizes the dissertation contributions and mentions possible future 

extensions.  
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2.1 Abstract  

This paper presents the development of a personalized noise reduction app that is designed to run 

in real-time with low-latency on smartphone platforms for hearing enhancement purposes. The 

personalization is achieved by using an unsupervised noise classifier together with a personalized 

gain adjustment. After applying a Wiener filtering noise reduction, gains in five frequency bands 

are adjusted by the user to achieve personalized noise reduction depending on the noise 

environment identified by the classifier. The other signal processing modules of the app include 

voice activity detection and compression. Publicly available datasets of speech signals and 

commonly encountered noise signals are used to test the effectiveness of the app. The results 

obtained by computing a widely used objective speech quality measure indicate the effectiveness 

of the app for noise reduction.  

2.2 Introduction 

The use of smartphones for medical applications has been steadily growing in recent years. One 

of these applications involves enabling a more effective hearing in noisy environments, in 

particular for those suffering from hearing loss. About 5% of the world’s population suffer from 

some form of hearing loss [1]. By simply running apps on smartphones and interfacing those apps 

with hearing aids, either in a wired or wireless manner, it is possible to provide this population 

with an enhanced hearing experience.  

A commercial example where smartphones are used to enable better hearing in noisy environments 

is the so-called Live Listen feature offered by Apple [2]. When this feature is enabled, an enhanced 

hearing is experienced by hearing aid users. A noise reduction app running on smartphones can be 
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used both by those having normal hearing and by those suffering from hearing loss. These days 

Bluetooth enabled hearing aids, e.g. Oticon Opn [3] or Starkey Halo [4], can be connected to 

smartphones to receive smartphone processed sound signals captured via their microphones.   

In [5], an adaptive noise reduction smartphone app was developed by our research lab by 

integrating three signal processing modules encountered in digital hearing aids consisting of a 

voice activity detection (VAD) module, a Wiener filtering noise reduction with postfiltering 

module, and a compression module. This noise reduction app provided an improved performance 

over an earlier noise reduction app reported in [6] where the noise estimation was carried out once 

without any adaptation to changes in the signal-to-noise ratio (SNR) that is often experienced in 

realistic noise environments. By separating noise frames from speech activity frames, the noise 

estimation was conducted continuously and adaptively thus the variations in the SNR was taken 

into consideration when operating in realistic audio environments.  

The work presented in this paper involves adding a personalization capability to the noise 

reduction app in [5] and making its code open source. This personalization is done by adding an 

unsupervised noise classifier to select a personalized set of gains in five frequency bands for those 

noise environments that are encountered by or are of interest to a specific user.  The unsupervised 

nature of the classifier allows the handling of big data of noise signals that are associated with 

various noise environments.  

The rest of the paper is organized as follows: Section 2.3 provides an overview of the modules that 

are integrated to enable a personalized noise reduction speech processing pipeline. In Section 2.4, 

the implementation aspects of the app are discussed. The noise reduction results obtained while 
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running the app in real-time are then presented in Section 2.5, followed by the conclusion in 

Section 2.6.  

2.3 Personalized Noise Reduction Pipeline 

Figure 2.1 shows the block diagram of the developed personalized noise reduction speech 

processing pipeline. This pipeline consists of both i/o and signal processing modules. The i/o 

modules include input and output circular buffering, lowpass filtering, downsampling, 

upsampling, interpolation filtering, and amplification. The signal processing modules include 

VAD, unsupervised noise classification, Weiner filtering noise reduction with postfiltering, 

personalized gain adjustment, and compression.  

 

Fig. 2.1. Block diagram of the real-time low-latency personalized noise reduction (PNR) app. 

In order to capture and playback audio frames with the lowest latency offered by the i/o hardware 

of smartphones, as discussed in [7], an input and an output circular buffer are used to process a 

desired audio frame size. To enable computational efficiency or real-time throughput, the sampling 

rate is reduced from the lowest latency sampling frequency of 48kHz to 16kHz before frames are 
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passed through the signal processing modules. This is done by first using a lowpass filter and then 

by performing a factor 3 down-sampling. To playback processed audio frames through the 

smartphone speaker, the sampling rate is increased back to 48kHz to retain the lowest latency. This 

is done by up-sampling or placing 2 zeros between consecutive samples followed by an 

interpolation lowpass filter.  

The first signal processing module is VAD. This module is used to separate noise only frames 

from frames containing speech or from noisy speech frames. When the VAD output denotes noise-

only frames or pure noise, noise estimation is carried out during these frames and a moving average 

of the noise power is computed to take into consideration variations of the SNR for noise reduction 

during the speech activity or noisy speech frames. The VAD used in the pipeline is the one 

developed in [8], which comprises two submodules: one submodule involves formation of images 

out of log-mel short-time Fourier transforms (STFT) or log-mel spectrograms and the other 

submodule involves a convolutional neural network (CNN) classifier.  

The output of the VAD corresponds to three states of speech+noise, noise, and quiet. The quiet 

state is considered when the audio signal power is below a user specified sound pressure level 

(SPL) denoting a quiet audio environment for the user. To avoid fluctuations between speech 

activity frames of spoken sentences, a smoothing buffer is considered in the developed app so that 

a sufficient number of frames are seen for switching from the speech+noise state to the noise or 

quiet state. 

The noise reduction module is the one reported in [5] where a Wiener filter is used by carrying out 

an estimation of the speech and noise powers. To reduce the musical noise artifact introduced by 

Wiener filtering, a postfilter is utilized as described in [6].   
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The noise reduction module is followed by the compression module which is a key signal 

processing component in digital hearing aids. Based on compression curves for five frequency 

bands, this module brings the sound pressure level into the hearing range of those suffering from 

hearing loss. The compression module consists of the multiband Dynamic Range Compression 

(DRC) in [9] in which five compression curves are used corresponding to the five frequency bands 

of [0Hz-500Hz], [500Hz-1000Hz], [1000Hz-2000Hz], [2000Hz-4000Hz], and above 4000Hz. The 

reason for using different frequency bands is that hearing loss is different in different frequency 

bands. Therefore, different amounts of compression need to be applied in different frequency 

bands. To personalize the app for a specific user, an unsupervised noise classifier module together 

with a personalized gain adjustment module are added to the above speech processing pipeline. 

These modules are described next. 

2.3.1 Unsupervised Noise Classifier  

As part of the personalization of the app, an unsupervised noise classifier is included in the pipeline 

to identify the noise environments encountered by a specific user in which he/she is having 

difficulty hearing. These noise environments are classified or identified in an online manner 

without the need to carry out any supervised training. The unsupervised noise classifier module in 

[10] is used here due to its effectiveness in realistic noise environments. This unsupervised 

classifier fuses the decisions of two ART2 (adaptive resonance theory 2) unsupervised classifiers. 

One classifier uses subband features as described in [11] and the other uses mel-frequency spectral 

coefficients (MFSC) features as described in [8]. It is worth mentioning that the unsupervised noise 

classifier app developed in [11] may also be used here. 
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2.3.2 Personalized Gain Adjustment  

For each noise environment identified by the unsupervised noise classifier, the user is given the 

option to set the gains in the five frequency bands that are used in the compression module. This 

gain adjustment module is similar to an equalizer by which frequencies are suppressed or amplified 

depending on the hearing preference of the user for having a better hearing in that noise 

environment. These gains can be set whenever a new noise environment is encountered and 

identified by the unsupervised noise classifier. In other words, this module implements the 

following gain adjustment equation:  

𝐺𝑃𝐹,𝑛𝑜𝑖𝑠𝑒 𝑡𝑦𝑝𝑒(𝑓, 𝑘) =  𝐺𝑃𝐹(𝑓, 𝑘). 𝛼𝑛𝑜𝑖𝑠𝑒 𝑡𝑦𝑝𝑒(𝑓)                              (1) 

where 𝐺𝑃𝐹(𝑓, 𝑘) denotes the noise suppression gain at kth frame obtained by Wiener filtering at 

frequency bin f,  𝛼𝑛𝑜𝑖𝑠𝑒 𝑡𝑦𝑝𝑒(𝑓) denotes the gain entered by a specific user for the noise type 

identified by the unsupervised classifier, and 𝐺𝑃𝐹,𝑛𝑜𝑖𝑠𝑒 𝑡𝑦𝑝𝑒(𝑓, 𝑘) denotes the gains that enable the 

personalization of the noise reduction outcome. To obtain 𝛼𝑛𝑜𝑖𝑠𝑒 𝑡𝑦𝑝𝑒(𝑓) for every frequency f, the 

gains across the center frequencies of the five bands are set by the user between 0.1 and 2.0 via 

five slider bars. Then, a cosine function interpolation is carried out based on these five gains so 

that a gain is generated for every frequency.   

2.4 Implementation Aspects 

Both Android and iOS versions of the personalized noise reduction app are developed in this work. 

All the codes corresponding to different i/o and signal processing modules are coded in C and then 

are incorporated into the software shells developed in [12] for running them as apps on Android 

and iOS smartphones. The two smartphones of Google Pixel and iPhone 8 are used in the 
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experiments reported in the next section. It is to be noted that the coding is done in a modular way. 

As a result, each of the signal processing modules can be easily replaced by other modules 

implementing the same signal processing functions.  

The i/o audio setup is performed based on the CoreAudio API [13] for iOS smartphones and based 

on the Superpowered SDK [14] for Android smartphones. The duration of audio frames is 25ms 

with 50% overlap between consecutive frames. In general, iPhones exhibit a lower audio latency 

(10ms-15ms) as compared to Android smartphones. For instance, the Google Pixel Android 

smartphone have an audio latency up to 40ms. This latency varies among different Android 

smartphones.  

In order to capture audio frames with the lowest audio latency, signal samples need to be acquired 

64 samples at a time with the sampling frequency of 48kHz on iPhones. This means that frames 

need to get processed within 64/48kHz = 1.3ms to allow real-time throughput or for no frames 

getting skipped. For Google Pixel, 192 samples need to be acquired at a time with the sampling 

frequency of 48kHz. This means that frames need to get processed within 192/48kHz = 4.0ms to 

allow real-time throughput or for no frames getting skipped.  

Figure 2.2 illustrates the main graphical user interface (GUI) page of the personalized noise 

reduction (PNR) app. This page shows two switches for turning off and on the functions of noise 

reduction and compression. Each of the noise reduction and compression settings activates a new 

page for setting parameters associated with these functions. The other entries on the app main page 

include the frame processing time, the output state of the VAD, and the unsupervised noise 

classifier outcome. The buttons appearing at the bottom of the page denote Live Audio for running 
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the app in actual noise environments and Process File for processing noisy sound files stored in 

memory. 

 

Fig. 2.2. Main GUI page of the personalized noise reduction app. 

Figure 2.3 shows the personalization page of the app. On this page, the gains in the five frequency 

bands per noise class can be adjusted by the user. Similar to an equalizer, the gains for a noise 

environment of particular interest to a specific user can get adjusted on-the-fly while the app runs 

in real-time for the purpose of making the noise reduction more effective for that user. The so-

called vigilance parameters of the ART2 classifiers can also be set on this page. The amount of 

time waited before a new noise class is created is an entry on this page for the purpose of adding 

stability of classification and avoiding the creation of noise classes for transient types of sounds. 

In addition, the decision smoothing time indicated on this page adds stability to the classification 

outcome by avoiding fluctuations in realistic noise environments.  
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Fig. 2.3. Noise classification settings and personalized gains adjustment GUI page. 

Furthermore, two switches called Hybrid Classification and Save Classification are included for 

the operation of the unsupervised classifier in its hybrid mode and for saving classifier parameters, 

respectively. The hybrid mode of classification enables the classifier to use the previously 

identified noise classes during previous runs of the app and their corresponding gains as specified 

by the user instead of starting from scratch or with no noise class to begin with.  

The app operates in two modes. In its first mode, the app allows the user to set the personalized 

gains in the five frequency bands to his/her liking in the noise environments in which he/she is 

having difficulty hearing speech. In its second mode, the app performs personalized noise 

reduction whenever the user encounters those noise environments. The app has the ability to add 

to the number of noise classes when a new noise environment is encountered which is different 

than the previously encountered noise environments or classes.  
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2.5 Results and Discussion 

Two public domain datasets, one dataset consisting of clean speech files and the other dataset 

consisting of environmental noise files, were used to evaluate the performance of the developed 

personalized noise reduction app.  The PN/NC speech dataset [15] was used here which consists 

of 3600 speech files with each file being about 2 seconds long. This dataset incorporates 20 

different speakers (10 females, and 10 males) from two American English regions of the Northern 

Cities (NC) and the Pacific Northwest (PN), reading the IEEE “Harvard” sentences. These files 

were concatenated to create a 2-hour long speech file. Next, three bothersome noise files in the 

2018 TUT Urban Acoustic Scenes dataset [16] consisting of babble, street traffic, and tram noises 

were selected. These noise files were recorded by three mobile devices. All the noise files (a total 

of 120 files) having different SNRs in the range of [0-10] dB were then concatenated and added to 

the aforementioned speech file to create a 2-hour long noisy speech file.    

In order to compare the result of no noise reduction (NNR), the fixed noise reduction (FNR) app 

reported in [6], and the adaptive noise reduction (ANR) app reported in [5] with the developed 

personalized noise reduction (PNR) app, the Process File button was used to run each testing file 

through the apps. By activating the save Audio I/O switch, and then by pressing the Process File 

button, the noisy speech file was processed, and the output of the app was saved. The above 2-

hour long noisy speech file was passed through each of the NNR, FNR, ANR, and PNR apps. In 

order to assess the performance of the personalized noise reduction app, the widely used measure 

of Perceptual Evaluation of Speech Quality (PESQ) [17] was then computed. Figure 2.4 shows the 

obtained PESQ measure averaged across the 2-hour long files for each noise type and for two 

different SNR ranges: [0-5] dB, and [5-10] dB.   
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(a) PESQ for speech corrupted with babble noise with different SNRs in the range of [0-5] dB 

(left), and in the range of [5-10] dB (right) 

 

(b) PESQ for speech corrupted with street traffic noise with different SNRs in the range [0-5] dB 

(left), and in the range of [5-10] dB (right) 

 

(c) PESQ for speech corrupted with tram noise with different SNRs in the range [0-5] dB (left), 

and [5-10] dB (right) 

Fig. 2.4. PESQ measure for no noise reduction (NNR), fixed noise reduction (FNR), adaptive noise 

reduction (ANR), and personalized noise reduction (PNR) apps. 
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As can be seen from Figure 2.4, the PESQ values of the personalized noise reduction (PNR) app 

was found to be consistently higher than the other apps in all the three noise environments and in 

both of the SNR ranges. The processing time of the developed PNR app per frame is about 1.4ms 

on Google Pixel, which is less than 4ms frame time, and 0.75ms on iPhone 8, which is less than 

1.3ms frame time. These processing times are comparable to the processing times of the ANR app, 

which are 0.73ms on iPhone 8 and 1.25ms on Google Pixel. Both versions of the app run in real-

time with no frames getting skipped. The CPU and memory utilization of the app as obtained by 

the Android Studio IDE [18] and Xcode IDE [19] are listed in Table 2.1. As can be seen from this 

table, the CPU utilization is comparable to a typical smartphone app. For Android smartphones, it 

is worth mentioning that in order to measure the correct CPU utilization, the sustained performance 

mode of the Superpowered package is required to be changed from the default mode of active to 

de-active as otherwise an erroneous CPU utilization would be obtained.  A video clip of the 

personalized noise reduction app running in real-time can be viewed at this link: 

www.utdallas.edu/~kehtar/PersonalizedNRapp.mp4. 

Table 2.1. CPU and memory utilization of the developed personalized noise reduction app. 

Personalized noise reduction app 

App version CPU  Memory  

Android 13% 78 MB 

iOS  11% 2 B 

2.6 Conclusion 

A personalized noise reduction smartphone app running in real-time with low-latency has been 

developed in this paper. The personalization of the app is made possible by allowing the user to 

http://www.utdallas.edu/~kehtar/PersonalizedNRapp.mp4
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adjust five gains in five frequency bands for bothersome noise environments to that user that are 

identified in an online manner. Two public domain datasets of speech and noise signals were used 

to evaluate the app for noise reduction. The results of an objective speech quality measure have 

indicated the effectiveness of noise reduction when using this personalized noise reduction app as 

compared to the previously developed noise reduction apps. This app is made open source for 

public use through the GitHub code hosting service. 
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3.1 Abstract  

This paper presents a real-time unsupervised noise classifier smartphone app which is designed to 

operate in realistic audio environments. This app addresses the two limitations of a previously 

developed smartphone app for unsupervised noise classification. A voice activity detection is 

added to separate the presence of speech frames from noise frames and thus to lower 

misclassifications when operating in realistic audio environments. In addition, buffers are added 

to allow a stable operation of the noise classifier in the field. The unsupervised noise classification 

is achieved by fusing the decisions of two adaptive resonance theory unsupervised classifiers 

running in parallel. One classifier operates on subband features and the other operates on mel-

frequency spectral coefficients. The results of field testing indicate the effectiveness of this 

unsupervised noise classifier app when used in realistic audio environments. 

3.2 Introduction 

In our previous works [1-4], a number of smartphone apps for various components of the speech 

processing pipeline of digital hearing aids have been developed. One of these components is noise 

reduction since a major complaint of hearing aid users is the difficulty of hearing in noisy audio 

environments [5]. In order to have a more effective noise reduction smartphone app, the ability to 

adapt to different noise types in an on-the-fly manner is needed. In other words, a noise classifier 

is required in order to achieve a more effective noise reduction. 

In most existing noise classifiers, the classification is carried out in a supervised manner to select 

a noise type or class among several previously trained noise classes. The training process of such 

classifiers involves first carrying out data collection and then running an offline training algorithm 
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on the collected data. In [1], a supervised noise classifier smartphone app was developed. A major 

shortcoming of supervised noise classifiers is that they are not capable of coping with noise 

environments for which no training is done. As a result, the personalization of such classifiers to 

the noise environments encountered by a specific user cannot be achieved with ease since the 

training process needs to be repeated when a new noise environment is encountered. To address 

this shortcoming of supervised classifiers, unsupervised noise classifiers can be considered so that 

a new noise class is generated whenever a new noise environment is encountered. 

Among many unsupervised classifiers reported in the literature, only few are designed to be able 

to operate in real-time or in an online streaming manner without having access to the entire data. 

In [6], a real-time unsupervised classifier for environmental noise signals was developed based on 

the online frame-based clustering (OFC) introduced in [7]. In [3], we developed a smartphone app 

implementing this real-time unsupervised noise classifier.  

The previously developed unsupervised noise classifier app in [3] has two limitations when 

deployed in realistic audio environments. One limitation is that it does not include a voice activity 

detection (VAD) to separate the presence of speech from the absence of speech. For proper 

operation in real-world audio environments, the classification should be carried out in the absence 

of speech or for pure noise frames. Another limitation is that it does not include buffers to allow a 

stable operation in the field by avoiding frequent switching between noise classes and by not 

reacting to transient noises that are not part of a sustained background noise environment.  

In this paper, an unsupervised noise classifier smartphone app is developed which overcomes the 

above limitations and thus provides an improved outcome compared to the app reported in [3] 

when operated in real-world audio environments. More specifically two improvements are made 
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in this work. One improvement is the development of a more stable unsupervised classifier 

compared to the app in [3] by fusing the decisions from two adaptive resonance theory (ART2) [8] 

unsupervised classifiers. The other improvement involves the inclusion of the VAD developed in 

[4] with the unsupervised classifier.  

The rest of the paper is organized as follows. In section 3.3, the components of the developed 

unsupervised noise classifier app are described. Then, in section 3.4, the real-time implementation 

aspects of the app are discussed. The experimental results are reported in section 3.5 followed by 

the conclusion in section 3.6. 

3.3 Components of Developed Unsupervised Noise Classifier  

Figure 3.1 shows a block diagram of integrating a voice activity detection (VAD) module with the 

unsupervised noise classifier. Input audio signals are captured frame by frame from the smartphone 

microphone using the i/o processing modules described in [9].   

 

Fig. 3.1. Block diagram of integrating voice activity detection with the unsupervised noise 

classifier. 

Before carrying out noise classification, the VAD module reported in [4] is activated to separate 

frames with speech activity from pure noise or noise only frames. This VAD consists of two sub-
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modules: an image formation sub-module and a convolutional neural network (CNN) sub-module. 

The first sub-module forms images by computing log-mel energy spectrogram over a time 

duration. The second sub-module then uses these images as its inputs to separate the presence of 

speech from the absence of speech. The subsections that follow describe the components of the 

developed unsupervised noise classifier app. 

3.3.1 Feature Extraction 

Two feature sets previously used for noise classification are considered here. The first set consists 

of band-periodicity (BP) and band-entropy (BE) features used in [1]. Based on B non-overlapping 

subbands of a frame, the BP features are computed as follows: 

𝐵𝑃𝑏 = 
1

𝑁
∑ 𝜌𝑏,𝑛 , 𝑏 = 1, … , 𝐵
𝑁
𝑛=1                                                  (1) 

where 𝜌𝑏,𝑛 denotes the correlation coefficient between the nth frame and its adjacent frames in 

band b and N denotes the number of frames in the time duration [t-T, t]. Likewise, the BE features 

are computed as follows: 

𝐵𝐸𝑏 =  
1

𝑁
∑ 𝐻𝑏,𝑛 , 𝑏 = 1,… , 𝐵
𝑁
𝑛=1                                                   (2) 

where 𝐻𝑏,𝑛 denotes the entropy of the nth frame in band b.  

The second set of features is mel-frequency spectral coefficients (MFSC) as described in [4]. The 

conversion from a frequency f to mth mel-frequency and its inverse are expressed as follows: 

𝐵(𝑓) = 2595 𝑙𝑜𝑔10 (1 +
𝑓

700
)                                                    (3) 

𝐵−1(𝑚) = 700(10
𝑚

2595 − 1)                                                   (4) 
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Based on N triangular overlapping bandpass filters, N+2 mel-filters are used covering the 

following equally-spaced frequency ranges indicated by �̂�:  

𝑓(𝑛) =  
(𝐾+1)∗ 𝐵−1(�̂�(𝑛))

𝑓𝑠
 , 𝑛 = 0,… , 𝑁 + 1                                      (5) 

where K denotes the number of bins in fast Fourier transform (FFT), and fs is the sampling 

frequency. The amplitude of the nth filter at frequency bin k is given by 

𝐻𝑛(𝑘) =

{
 
 

 
 

0               , 𝑘 < 𝑓(𝑛 − 1)
𝑘− �̂�(𝑛−1)

�̂�(𝑛)− �̂�(𝑛−1)
, 𝑓(𝑛 − 1) < 𝑘 ≤ 𝑓(𝑛)

 �̂�(𝑛+1)−𝑘

�̂�(𝑛+1)− �̂�(𝑛)
, 𝑓(𝑛) < 𝑘 ≤ 𝑓(𝑛 + 1)

0              , 𝑘 > 𝑓(𝑛 + 1)

 ,                                     (6) 

𝑘 = 1,… ,
𝐾

2
  and 𝑛 = 1,… , 𝑁. 

Then, the MFSC coefficients are computed as follows: 

𝑀𝐹𝑆𝐶(𝑛) = log (∑ 𝐻𝑛(𝑘) ∗ |𝐹(𝑘)|
2𝐾

𝑘=0 ),                                      (7) 

𝑛 = 1,… ,𝑁 

where |𝐹(𝑘)|2 denotes the FFT power spectrum. Log-mel energy spectrum images are then formed 

by concatenating the coefficients over time. Figure 3.2 shows the log-mel energy spectrum images 

for three different background noises. As can be seen from this figure, the noise patterns appear 

different in these images.  

3.3.2 Adaptive Resonance Theory (ART2) Classifier 

The adaptive resonance theory 2 (ART2) is a computationally efficient unsupervised classifier 

which allows the processing of data samples to take place in an online manner by reacting to one 
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data sample (in our case one frame) at a time. An overview of the processing steps involved in 

ART2 is stated next. More details appear in [8].  

 

Fig. 3.2. Sample log-mel energy spectra of different noise types; x-axis represents frames in time, 

and y-axis represents mel frequency spectral coefficients: (a) driving car noise, (b) machinery 

noise (vacuum cleaner), and (c) babble noise. 

 

Let us consider some classes have already been created. When a new data sample or frame is 

received, its distance from the existing class centroids or representatives are computed using the 

city block distance ‖𝑥 − 𝑤𝑗‖, where x denotes the feature vector associated with the new data 

sample or frame and 𝑤𝑗  denotes the centroid or representative of class j. Then, the closest or winner 

class denoted by j* is identified. This is followed by carrying out a so-called vigilance test to see 

whether the winning class j* passes this distance test ‖𝑥 − 𝑤𝑗‖ < 𝜌, where 𝜌 is called the vigilance 

parameter. If the test is passed, the centroid or representative of the winning class is modified as 

follows: 

𝑤𝑗∗
𝑛𝑒𝑤 =

𝑥+𝑤𝑗∗
𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝑃𝑗∗

𝑐𝑢𝑟𝑟𝑒𝑛𝑡

(𝑃𝑗∗
𝑐𝑢𝑟𝑟𝑒𝑛𝑡+1)

                                                      (8) 
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where 𝑃𝑗∗
𝑐𝑢𝑟𝑟𝑒𝑛𝑡  denotes the number of current data samples in class j. If the test is failed, a new 

class or cluster is created with the centroid or representative of 𝑤𝑘  =  𝑥. 

3.3.3 Decision-Level Fusion of Two ART2 Classifiers 

For the purpose of gaining stability when operating in realistic audio environments, two ART2 

classifiers are considered in the app. In the results section, an analysis based on three separate 

datasets is reported indicating the effectiveness of placing two ART2 classifiers in parallel, one 

operating on subband features and the other operating on MFSC features. Based on this analysis, 

the fusion structure shown in Figure 3.3 was implemented as a real-time smartphone app.  

 

Fig. 3.3. Block diagram of the developed smartphone app implementing decision-level fusion of 

two ART2 unsupervised classifiers. 

 

3.4 Real-time Smartphone App 

This section covers the real-time implementation aspects of the developed smartphone app based 

on the unsupervised classification fusion structure illustrated in Figure 3.3. Both iOS and Android 

versions of the app are developed. All the components of the unsupervised classifier are coded in 

C and incorporated into the Objective-C software environment of iOS smartphones or the Java 

software environment of Android smartphones using the shells provided in [10]. 
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The audio i/o setup is done using CoreAudio API [11] and Superpowered SDK [12] for iOS and 

Android smartphones, respectively. All the components are coded in a modular manner by sharing 

common supporting files so that they can be easily replaced by other similar components.  

In modern smartphones, the lowest audio latency is achieved for 48kHz sampling frequency. iOS 

smartphones or iPhones exhibit 10-15ms audio latency. Audio latency of Android smartphones 

varies from one phone to another and is normally higher. For example, Google Pixel2 Android 

smartphones have an audio latency of 40ms. In order to capture an audio frame with the lowest 

audio latency, audio signals need to be read at the preferred buffer size of 64 samples at a time at 

48kHz sampling frequency when using iOS smartphones which corresponds to 64/48kHz = 1.3ms. 

When using Android smartphones (Google Pixel2 here), audio signals need to be read at the 

preferred buffer size of 96 samples at a time at 48kHz sampling frequency which corresponds to 

96/48kHz = 2ms. This means that the time available to process an audio frame captured every 

12.5ms (a 50% overlap is considered for 25ms duration frames) is 1.3ms on iOS smartphones and 

2ms on Android smartphones. If frame processing time exceeds these times, frame skipping occurs 

and real-time throughput cannot be achieved.  

The feature extraction is done using a circular buffer to ensure that the classification can run 

synchronously with the lowest latency i/o setup. Audio frames of duration 25ms are captured at 

the sampling frequency of 48kHz or 1200 samples. Since the frequency range of speech and most 

environmental noises lie below 8 kHz, frames are downsampled from 48 kHz to 16 kHz to gain 

computational efficiency or real-time throughput by reducing the FFT size from 2048 to 512. For 

computing subband features, the FFT is divided into 4 bands generating a total of 8 subband 
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features. For computing MFSC features, 40 bandpass filters are used. The lower and upper 

frequencies are set to 0 and 8000 Hz, respectively.  

As stated earlier, the motivation behind developing the app in this paper is to address the 

limitations associated with the previously developed unsupervised noise classifier smartphone app. 

The newly developed app avoids noise classification during the presence of speech and creates a 

new noise class in an online manner when a new noise environment is encountered without 

allowing fluctuations among the previously created noise classes. The app is also designed to 

operate in a hybrid mode, that is by saving noise environments in its memory when it is stopped 

and then these noise environments are used as the initial classes when the app is run again a next 

time. Figure 3.4 illustrates the graphical user interface (GUI) of the developed smartphone app that 

include frame processing time in milliseconds, noise power or noise pressure level in decibel (dB), 

two vigilance parameters associated with the two ART2 classifiers (vigilance 1 and vigilance 2), 

number of frames used for feature averaging, new class creation time or buffer in seconds, and 

decision smoothing time or buffer in seconds.  

Considering that there are fluctuations of features from one frame to next, feature averaging over 

a number of frames is carried out in order to create a more stable set of features before using them 

as the input to the classifier. The default value is 80 consecutive overlapped frames. This means 

that the class decision rate is one decision per second. A new class creation time or buffer is added 

for the purpose of creating new noise classes in sustained noise environments and avoiding 

creation of new noise classes for transient noises that occur for short time durations. A majority-

voting decision smoothing time or buffer is also added to allow the classifier to have a smoother 
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and thus a more stable decision outcome by avoiding fluctuations when moving from one noise 

environment to another.  

.  

Fig. 3.4. Graphical user interface (GUI) of the unsupervised noise classifier smartphone app 

(Android version). 

 

The vigilance parameters and the stability times can be adjusted in the GUI to fit the classifier to 

the noise environments that a specific user encounters or is of interest to a specific user. The 

adjustment process can be viewed as an online calibration or training phase. Note that no offline 

training takes place and the calibration or training is done entirely online. 

Two switches, named saving class representatives and hybrid classification, are also included in 

the GUI for the purpose of operating the app in its hybrid mode. By turning on the switch saving 

class representatives, all the existing noise classes and their parameters are saved. By turning on 

the switch hybrid classification, instead of beginning the classifier from scratch or no class, the 
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app uses the previously online trained or saved classes as its initial classes when it is run a next 

time. These switches allow the app to be personalized for the noise environments of interest to a 

specific user. 

3.5 Experimental Results and Discussion 

In this section, the analysis that was performed to obtain an effective classification structure for 

conducting the unsupervised classification is first presented. Then, the parameters identified to 

serve as the default values for realistic audio environments are specified based on the online 

calibration or training that was performed. Finally, the field testing and real-time processing results 

of the developed unsupervised noise classifier app are reported together with a comparison with 

the previously developed app in [3]. 

The following three noise datasets were analyzed to identify an effective noise classifier structure: 

(i) Dataset1: noise sound files from three noise classes in the DCASE 2018 task B dataset [13] 

recorded by a smartphone consisting of street traffic, airport, traveling by bus. (ii) Dataset2: Noise 

sound files recorded by our research group with a smartphone consisting of babble in dining hall, 

construction machinery, and driving car. (iii) Dataset3: Noise sound files from three noise classes 

in the DCASE 2018 task B dataset recorded by a different smartphone consisting of metro, babble 

in metro-station, and outdoor park. As illustrated in Table 3.1, the best outcome was found when 

considering two ART2 classifiers in parallel and by fusing their decisions. This is the structure that 

was implemented as a smartphone app in this work. 

Table 3.2 shows the outcome of the online calibration that was conducted to set the default values 

of the entries in the app GUI for a stable operation in actual or realistic noise environments. As 
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indicated in this table, these default values are 80 frames for feature averaging, allowing 3 seconds 

before creating a new class, and carrying out a majority voting decision over 3 seconds.  

Table 3.1. Analysis of different unsupervised classification approaches. 

Approaches Features Dataset 1 Dataset 2 Dataset 3 

Decision-level ART2 

Fusion (in Parallel) 

Subband+MFSC 90.1% 95.2% 97.2% 

Decision-level ART2 

Fusion (in Series) 

Subband+MFSC 78.3% 95.6% 95.4% 

Single ART2 Subband+MFSC 75.6% 69.4% 65.2% 

Single ART2 MFSC 76.0% 71.2% 65.1% 

Single ART2 Subband 66.7% 60.3% 82.3% 

 

Table 3.2. Default setting of the smartphone app parameters. 

Vigilance 1 Vigilance 2 #Frames in 

Feature 

Averaging 

New Class 

Creation Time 

(sec) 

Decision 

Smoothing 

Time (sec) 

0.01-0.03 0.6-1.0 80 3.0 3.0 

 

Next, field testing was conducted in realistic noise environments. Figures 3.5 and 3.6 show the 

outcome for two sample field testing runs corresponding to three and four class scenarios, 

respectively. As can be seen from these figures, the developed smartphone app outperforms the 

previously developed smartphone app in [3]. This is due to the stability modules built into the new 

app as well as avoiding classification in the presence of speech activity. An item to note here is 

that the unsupervised classifier in [3] requires the online training of two dependent parameters 

which is more time consuming to do as compared to the online training of two independent 

vigilance parameters in the developed app. Furthermore, as illustrated by dashed lines in Figure 

3.6, the creation of a new class takes 3 seconds which is one half of the time of the app in [3]. For 
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these two field test runs shown here, the overall classification rate of the app in [3] was found to 

be 76.3%, while the overall classification rate of the developed app in this work was found to be 

96.1%.  

 

Fig. 3.5. Actual field testing results in three noise environments of street (label 1), dust blower 

(label 2), babble in activity center (label 3) (x-axis denotes time in minutes): (a) actual clusters or 

ground truth specified by the user, (b) unsupervised noise classification outcome by the app in [3], 

and (c) unsupervised noise classification outcome by the developed ART2 fusion app - dashed 

lines represent the duration taken for generating new classes, and blobs denote misclassifications. 

3.5.1 Real-Time Processing 

As mentioned earlier, for the real-time operation of the app or for no frames getting skipped, the 

processing time per frame needs to remain below 1.3ms for iOS smartphones and below 2ms for 

Android smartphones (Google Pixel2).  

The unsupervised noise classifier app developed here takes on average 0.65ms on both Android 

Google Pixel2 and on iPhone8 smartphones. The CPU and memory consumptions of the app varies 

between the two versions due to the differences between Android and iOS operating systems. The 
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CPU and memory consumptions of the Android version obtained by the Android Studio [14] are 

26% and 70MB, respectively, and of the iOS version obtained by the Xcode IDE [15] are 15% and 

24MB.  

 

Fig. 3.6. Actual field testing results in three noise environments of babble in dining hall (label 1), 

driving car (label 2), machinery (label 3), and traffic (label 4) (x-axis denotes time in minutes): (a) 

actual clusters or  ground truth specified by the user, (b) unsupervised noise classification outcome 

by the app in [3], and (c) unsupervised noise classification outcome by the developed ART2 fusion 

app - dashed lines represent the duration taken for generating new classes, and blobs denote 

misclassifications. 

A video clip of the developed unsupervised noise classifier smartphone app running in real-time 

can be viewed at this link: www.utdallas.edu/~kehtar/UnsupervisedNoiseClassifierApp-

ART2Fusion.mp4. 

3.6 Conclusion 

In this paper, a real-time smartphone app for unsupervised noise classification for deployment in 

realistic noise environments has been developed. The decisions from two ART2 unsupervised 

http://www.utdallas.edu/~kehtar/UnsupervisedNoiseClassifierApp-ART2Fusion.mp4
http://www.utdallas.edu/~kehtar/UnsupervisedNoiseClassifierApp-ART2Fusion.mp4
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noise classifiers that operate independently in parallel are fused together to gain stable noise 

classification outcomes in the field. The app is designed in such a way that the training is done 

online without the need to carry out any offline training, thus allowing the app to be personalized 

to the noise environments encountered by a specific user. In our future work, we plan to use this 

unsupervised noise classifier as part of a noise reduction app for hearing improvement purposes.   
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4.1 Abstract 

This paper presents an app for running a previously developed unsupervised noise classifier in 

real-time on smartphone/tablet platforms. The steps taken to enable the development of this app 

are discussed. The app is utilized to carry out field testing of the unsupervised classification of 

actual encountered noise environments without any prior training and without specifying the 

number of noise classes or clusters. Two objective measures of cluster purity and normalized 

mutual information are considered to examine the performance of the app in the field with the user 

acting as the identifier of the ground truth classes. The results obtained indicate the effectiveness 

of this real-time smartphone app for carrying out the environmental noise classification in an 

unsupervised manner. 

4.2 Introduction 

According to the World Health Organization, over 5% of the world’s population or 360 million 

people suffer from disabling hearing loss [1]. Hearing improvement devices such as hearing aids 

and cochlear implants are used to cope with disabling hearing loss. The performance of these 

devices is adversely affected in the presence of background noise. For this reason, modern hearing 

aids and cochlear implants use a noise reduction module. Several signal processing pipelines have 

been developed in the literature that take into consideration the noise type as part of the noise 

reduction module, e.g. [2, 3]. In these pipelines, a supervised noise classifier is used to identify the 

noise type in order to adjust the parameters of the noise reduction module depending on the noise 

type.   
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The use of a supervised classifier requires a training process, which in turn demands the collection 

of noise data from noise environments. Once such a classifier is trained based on the collected 

data, then the operation or utilization of the classifier can begin. Among its trained classes, the 

classifier would select the noise class which is closest to an observed noise type. In general, there 

are two limitations associated with supervised classifiers. The first limitation is that they require 

training, that is one needs to go through a training process based on a previously collected dataset. 

The second limitation is that, in practice, different users may encounter different noise types. In 

other words, a different set of noise types may be encountered for which the classifier is not trained.  

To address these limitations, this paper presents the development of a smartphone app for the real-

time implementation of a previously developed unsupervised noise classification algorithm. Such 

a smartphone app enables the testing of various noise reduction modules to be conducted with ease 

in the field or in realistic noise environments.  

In [4], a clustering or unsupervised classification algorithm, named OFC (Online Frame-Based 

Clustering), was developed by our research group which requires no training. In this algorithm, 

the classification is conducted in an unsupervised manner, that is new classes or clusters get 

generated as needed depending on how different observed samples are to the previously identified 

classes. This algorithm is capable of generating clusters in an on-the-fly manner without the need 

to specify the number of clusters, which is a requirement in a typical clustering algorithm such as 

k-means and its variations. In [5], the OFC algorithm was applied to the problem of environmental 

noise classification and its effectiveness was demonstrated by examining the cluster purity and 

normalized mutual information measures.  
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The rest of the paper is organized as follows: Section 4.3 provides an overview of the previously 

developed unsupervised classification algorithm. Section 4.4 covers the details of the smartphone 

implementation done in this work towards generating a real-time low-latency app. The 

experimental results of field tests based on the developed app are then reported in section 4.5. 

Finally, the conclusion is stated in section 4.6. 

4.3 Overview of the Unsupervised Noise Classifier 

This section provides an overview of the unsupervised noise classifier introduced in [4, 5]. This 

classifier has been implemented as a smartphone app in this work.  Figure 4.1 illustrates a block 

diagram of the unsupervised classifier algorithm. After signal framing, feature extraction is carried 

out to obtain subband features based on band-periodicity and band-entropy characteristics of signal 

frames. Frames of an input signal are captured with a sampling frequency of fs, which are then 

divided into B non-overlapping subbands.  

 

Fig. 4.1. Block diagram of the unsupervised classification algorithm introduced in [5]. 
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Periodicity in a subband is characterized by the maximum value of normalized correlations ρb,n  

between an nth frame and its adjacent frame, that is: 

𝐵𝑃𝑏 =
1

𝑁
 ∑ 𝜌𝑏,𝑛

𝑁
𝑛=1  , 𝑏 = 1,… , 𝐵                                               (1) 

where N denotes the number of frames over this duration [t-T, t] with t representing current time. 

The band-entropy features are computed similar to the band-periodicity features by replacing 

normalized correlations with entropy as noted below 

  𝐵𝐸𝑏 = 
1

𝑁
∑ 𝐻𝑏,𝑛
𝑁
𝑛=1 , 𝑏 = 1, … , 𝐵                                             (2) 

where Hb,n denotes Shannon entropy of the nth frame in band b. Subband features are averaged 

over a number of frames and fed into a classifier to see whether a frame belongs to any of the 

existing clusters or not. If there is no match with any existing cluster or class, the frame is moved 

to a buffer called chunk for the detection of a possible new cluster. When the chunk gets full, an 

evaluation is performed to see whether a new cluster needs to be created. Features corresponding 

to frames in the chunk are checked for statistical similarity to identify the largest so called micro-

cluster, that is the largest number of similar and connected features in the chunk. This micro-cluster 

is then identified and used to create or establish a new cluster. This process is achieved by using a 

Support Vector Data Description (SVDD) classifier [6]. SVDD is a one-class support vector 

machine classifier where Gaussian kernels define a sphere boundary around the samples of that 

class. Two parameters that influence the outcome of SVDD are standard deviation associated with 

Gaussian kernels and fraction rejection which defines the percentage of the target class samples to 

be regarded as outliers. 



 

42 

4.4 Real-Time Implementation of Smartphone App  

In this section, the key issues associated with the implementation of the smartphone app are 

covered. 

4.4.1 Software Tools and Libraries 

All the components of the feature extraction and the clustering algorithm were coded mostly in C 

with some parts in MATLAB. MATLAB codes were converted to C using the MATLAB Coder 

utility as per the guidelines described in [7]. To implement the SVDD classifier, the dlib library 

[8] was used. Similar to [9], a circular buffer was used to maintain synchronous operation between 

the input/output audio frame and the clustering frame. The codes were organized as an app using 

the shells developed in [10] for iOS and Android smartphones. For iOS smartphones, the shell is 

coded in Objective-C and for Android smartphones, the shell is coded in Java. In this paper, we 

have reported the results for the iOS version due to the lower audio latency of iOS devices or 

iPhones (10-15ms) as compared to Android smartphones. For example, for Google Pixel Android 

smartphone, the audio latency is 40ms. It should be noted that since different Android smartphone 

manufacturers use different i/o hardware, audio latency of Android smartphones varies from phone 

to phone and in many cases, it is higher than 40ms.   

4.4.2 Audio Latency 

Latency is the amount of time it takes for an audio signal to get captured by the smartphone 

microphone, get converted by the smartphone analog-to-digital converter to a digital signal, and 

then get converted back to an analog signal to be played on the smartphone speaker. The hardware 

of modern smartphones generates the lowest latency at the sampling frequency of 48kHz. To 
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achieve the lowest latency audio implementation on iOS devices, the audio signal must be read 

from the microphone and played from the speaker at 64 samples per frame at 48kHz. The GCC 

compiler level optimization level 2 (-O2) is used to lower the processing time associated with a 

frame. Similar to [5], the feature extraction is done for a frame overlap size of 12.5ms or 600 

samples. A circular buffer is used to reach this overlap size. This buffer ensures that the clustering 

algorithm can run synchronously with the lowest latency i/o setup. 

4.4.3 Hybrid Classification 

As stated earlier, the motivation behind developing this app is to address the limitations associated 

with supervised noise classifiers. The app creates a new cluster when a new noise environment is 

encountered. The app is also designed to operate in a hybrid classification mode, that is it examines 

the previously saved clusters or previously encountered noise environments before creating a new 

cluster.  Figure 4.2 illustrates the settings screen of the developed smartphone app that consists of 

the number of decisions in chunk, the total number of clusters as an upper limit, the SVDD 

parameters (sigma and fraction rejection), the frame overlap size, and the classification decision 

rate. Basically, the chunk reflects decisions that do not match any existing clusters which are then 

used to create a new cluster. The switches Hybrid Classification and Saving Classification Data 

seen in Figure 4.2 are used when the app is desired to be operated in its hybrid mode.  By activating 

the switch Saving Classification Data, all the encountered noise classes or clusters and their 

parameters are saved. By activating the switch Hybrid Classification, instead of starting from 

scratch or no cluster, the app uses the previously saved clusters as its starting point or initial 

clusters. 
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4.4.4 Feature Extraction  

To extract the subband features, a frame size of 25ms or 1200 samples is considered by 

concatenating a current and a previous overlapped frame. Since the features correspond to 

frequencies lying below 8 kHz for speech processing, frames are down sampled from 48 kHz to 

16 kHz. This reduces the computation time significantly because the FFT size gets reduced from 

2048 to 512. For each signal frame, the FFT is computed and divided into 4 bands, thus generating 

a total of 8 subbband features. Similar to [5], the decision rate is considered to be 0.5 sec or 500ms 

long. This corresponds to one decision per 40 overlapped frames. If desired, the app allows 

changing this decision rate. 

 

Fig. 4.2. Settings screen of the developed smartphone app. 
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4.5 Experimental Results 

4.5.1 Parameter Settings 

First, a study was conducted in various realistic noisy environments to set the default or nominal 

values of the standard deviation and fraction rejection of the SVDD classifier. These values were 

set to 0.01 and 2.0, respectively, by observing the correctness of creating a new cluster when the 

smartphone was physically taken into new noise environments.  

In order to examine the performance of the app, similar to [4], the two measures of cluster purity 

[11] and normalized mutual information (NMI) [12] were computed. The cluster purity measure 

indicates the purity of clusters in comparison to the actual or ground truth clusters and is expressed 

as 

𝑃𝑢𝑟𝑖𝑡𝑦 =  
∑ |

�̂�𝑙
𝑉𝑙
|𝑈

𝑙=1

𝑈
 × 100                                                   (3) 

where U denotes the total number of clusters, �̂�𝑙 is the number of samples with the dominant class 

label in cluster l, and V𝑙 is the total number of samples in cluster l. The NMI measure indicates to 

what degree the detected clusters are similar to the actual or ground truth clusters. It should be 

noted that in practice the ground truth clusters are unknown. Mutual information (MI) between the 

ground truth cluster set (X) and the detected cluster set (Y) is obtained as follows: 

  𝑀𝐼(𝑋, 𝑌) =  ∑ ∑ 𝑝(𝑥, 𝑦)𝑥∈𝑋 log (
𝑝(𝑥,𝑦)

𝑝(𝑥).𝑝(𝑦)
)𝑦∈𝑌                                (4) 

where p(x) and p(y) denote the marginal probability density functions associated with the cluster 

sets and p(x,y) their joint density function.  Normalized mutual information (NMI) is then 

computed this way 
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𝑁𝑀𝐼(𝑋, 𝑌) =  
𝑀𝐼(𝑋,𝑌)

√𝐸(𝑋).𝐸(𝑌)
                                                       (5) 

where E(X) and E(Y) are the entropies of the cluster sets. 

4.5.2 Field Testing 

In the field tests conducted, the ground truth was provided by the user, that is the user specified 

whether there was a change in the environmental noise. The real-time field testing was performed 

on an iPhone 7 and on an iPad4. When these iOS platforms were taken to a new noise environment, 

a new cluster was created after the chunk got filled.  

The plots shown in figure 4.3 exhibit the outcomes of four sample field test runs in terms of the 

classification rate and new cluster creation. The first plot corresponds to the three audio 

environments of driving car, restaurant, and vacuum cleaner. The second plot corresponds to the 

four audio environments of quiet, driving car, outdoor a/c compressor, and restaurant. The third 

plot corresponds to the three audio environments of office, street, and machinery consisting of 

kitchen vent motor. The fourth plot corresponds to the five audio environments of quiet, train, 

inside airplane, street, and driving car. Table 4.1 provides the cluster purity, the NMI, the actual 

number of clusters, and the number of clusters detected by the app for these four sample field test 

runs.  

As seen from figure 4.3, whenever the audio or noise environment changed to a new audio or noise 

environment which had not been encountered before, it took 5 seconds (illustrated by vertical lines) 

to detect that noise environment as a new cluster. It is worth stating that this time can be adjusted 

by changing the number of decisions in the chunk. The chunk size is set to 10 decisions in the 

experimentations reported here with each decision taking 0.5 sec for a total time of 5 sec to create 
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a new cluster. It should be noted that this time is only for the first time a new noise environment 

or cluster is encountered. Furthermore, in hearing devices, the reaction to noise environments is 

dampened on purpose as it is not desired to react too quickly to noises that are not sustained or do 

not last long.  

 

3(a)                                                                              3(b) 

   

3(c)                                                                             3(d) 

Fig. 4.3. Comparison between the actual noise classes or clusters and the detected noise classes by 

the developed unsupervised classifier app during four sample field test runs, the cluster decision 

rate number indicates a decision every 500ms: In 3(a), label 1 denotes driving car, label 2 

restaurant, and label 3 vacuum cleaner; in 3(b), label 1 denotes quiet room, label 2 driving car, 

label 3 outdoor a/c, and label 4 restaurant; in 3(c), label 1 denotes office, label 2 street, and label 

3 machinery; in 3(d), label 1 denotes quiet room, label 2 train, label 3 inside airplane, label 4 street, 

and label 5 driving car.                                                                                                                           
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In other words, the unsupervised classifier is designed to react to sustained noise environments 

that last at least 5 sec and not to transient noises that last less than 5 sec. To create a reliable cluster 

for the first time, i.e. the first time that a new noise environment is encountered, enough 

information needs to be captured to create a new noise cluster in a reliable way.  

If a noise environment has been encountered before, the hybrid mode of operation performs the 

classification with no delay since the noise has been seen before and a reliable cluster has already 

been created. Thus, strictly speaking, since the new cluster creation time only occurs during the 

first encounter of a noise type, clustering decisions during such times should not be considered as 

errors. In Table 4.1, the measures are listed with and without the new cluster creation time (denoted 

by I and II, respectively).  

4.5.3 Real-Time Processing 

The processing time for each frame takes 0.7ms on average, which is well below the frame overlap 

time of 12.5ms thus allowing the app to run in real-time without any frames getting skipped. This 

timing includes all the computation including feature extraction and classification. The GUI of the 

developed app is updated every 1 sec. Note that the clustering decision is made at the rate of 500ms 

or every 40 frames. Table 4.2 shows the CPU consumption and the memory utilization as well as 

the energy impact of the app running on iPhone7 as provided by the Xcode IDE [13].  

A video clip of the developed app running in real-time can be viewed at this link: 

http://www.utdallas.edu/~kehtar/UnsupervisedClassifierApp.mp4 . 
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Table 4.1. Clustering outcome of the unsupervised classifier app for four sample field test runs in 

terms of cluster purity, normalized mutual information, actual number of clusters, and number of 

detected clusters; I rows correspond to with new cluster creation time and II rows correspond to 

without new cluster creation time. 

 Cluster 

Purity 

NMI Actual number  

of clusters 

Number of 

detected clusters 

Environment set 1: driving car, restaurant, vacuum cleaner 

I 93.2% 0.81 3 3 

II 98.8% 0.96 3 3 

Environment set 2: quiet room, driving car, outdoor a/c, and restaurant 

I 89.5% 0.79 4 4 

II 99.3% 0.99 4 4 

Environment set 3: office, street, machinery 

I 90.0% 0.76 3 3 

II 96.8% 0.89 3 3 

Environment set 4: quiet, train, airplane, street, driving car 

I 84.0% 0.74 5 5 

II 95.9% 0.88 5 5 

 

Table 4.2. CPU consumption, memory utilization, and energy impact of the developed smartphone 

app as provided by Xcode IDE. 

Unsupervised classifier app 

CPU consumption Memory utilization Energy impact 

15% 23 MB Low 

4.6 Conclusion 

In this work, a smartphone app has been developed in order to perform unsupervised 

environmental noise classification in real-time. This app allows one to detect audio or noise classes 

in the field on a portable device without needing to have any prior knowledge of the audio or noise 

classes or without any training. The obtained field-testing results indicate the effectiveness of the 

app in creating a new cluster when a new noise environment is encountered. In our future work, 
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we plan to incorporate this app as part of a signal processing pipeline running on smartphone 

platforms and interface it with a Bluetooth equipped hearing aid.   
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5.1 Abstract 

Existing deep learning-based speech denoising approaches require clean speech signals to be 

available for training. This paper presents a deep learning-based approach to improve speech 

denoising in real-world audio environments by not requiring the availability of clean speech 

signals as reference in training mode. A fully convolutional neural network is trained by using two 

noisy realizations of the same speech signal, one used as the input and the other as the target of the 

network. Two noisy realizations of the same speech signal are generated by using a mid-side stereo 

microphone. Extensive experimentations are conducted to show the superiority of the developed 

deep speech denoising approach over the conventional supervised deep speech denoising approach 

based on four commonly used performance metrics as well as a subjective testing.  

5.2 Introduction 

Speech denoising is extensively studied in the literature. The existing speech denoising methods 

can be categorized into two main groups: (1) Conventional methods – These methods involve 

estimating the noise to achieve denoising. Examples of these methods are spectral subtraction [1] 

and Wiener filtering [2, 3].  (2) Deep learning-based methods – These more recent methods attempt 

to model the nonlinear relationship between noisy and clean speech signals via a deep neural 

network (DNN), e.g. [4-8]. These methods have allowed dealing with non-stationary audio 

environments [9] and can be further divided into two categories: direct mapping (mapping-based) 

methods, e.g. [10-12], which mostly use the log-power spectra as the input and output of a DNN 

and masking-based methods, e.g. [13-15], which estimate a mask to carry out denoising. In 

addition to a single-channel supervised speech enhancement (SE), there have been works on 
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supervised multi-channel SE, e.g. [16-18]. In these works, it is shown that as the number of 

channels increases, the performance of SE is improved. For example, in [16] a fully convolutional 

neural network (FCN) and a Sinc FCN were used for multi-channel speech enhancement, and in 

[17], multiple recordings were applied directly in the time domain. However, these works did not 

address the performance in the field or when subjected to unseen conditions (e.g., unseen speakers 

with no clean speech signals being available).  

A major assumption made in existing deep learning-based methods is the availability of clean 

speech signals to conduct training. In practice, the problem of speech denoising is more 

challenging due to the fact that clean speech signals are not known or available when operating in 

the field or in real-world audio environments. In addition, the generalization capability of current 

DNN-based approaches is limited for unseen speakers and varying signal-to-noise ratios. In other 

words, existing supervised speech denoising (SD) models rely on the availability of clean speech 

signals for training. As a result, SD models are highly dependent on whether actual field signals 

match training signals.  

In [19], an attempt was made to perform denoising without using clean speech signals. The 

assumption made in [19] was to have simultaneous access to both noise-only and speech+noise 

signals. In practice, such simultaneous access to noise only and speech+noise signals is very 

difficult to achieve and only one of these signals is available at any given time.  

In this work, a deep speech denoising approach is introduced to ease the major assumption of 

availability of clean speech signals in the existing deep speech denoising solutions. This is made 

possible by using a mid-side stereo microphone to fine-tune single-channel speech denoising 

models. As a result, the introduced approach can be deployed in real-world audio environments or 
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in the field in which clean speech signals are not available. Not requiring to have clean speech 

signals is what differentiates this paper from the existing deep speech denoising papers.   

    The rest of the paper is organized as follows: In section 5.3, the introduced deep speech 

denoising approach and its implementation aspects are presented. In Section 5.4, an overview of 

the datasets examined is provided. A comprehensive set of experimentations and their results are 

then reported in Section 5.5. Finally, the paper is concluded in Section 5.6. 

5.3 Developed Deep Speech Denoising Approach  

The denoising approach developed in this paper builds upon the commonly practiced denoising 

approach of supervised training. A deep neural network is first initialized based on the public 

domain datasets for which clean speech signals are available. Then, the network is further trained 

in a clean-reference-free manner based on only noisy speech data or in the absence of clean speech 

signals.  

As input to a deep neural network, various audio representation schemes have been utilized. 

Among them, mel frequency cepstral coefficient (MFCC) [20] has been widely used. Also, log-

mel spectrogram coefficient (MFSC) has been used by omitting the discrete cosine transform 

(DCT) compression from the MFCC computation. These frequency-domain representations focus 

on the magnitude spectrum and the phase spectrum is often left unprocessed [21]. Similar to recent 

studies [22-25], raw waveform or time-domain signals are considered here as input to a deep neural 

network instead of frequency-domain representations. 

In supervised deep learning-based speech denoising, a network is trained to perform noise 

reduction by considering clean speech signals as its output or target signals. A speech+noise 

mixture or noisy speech signal 𝑦(𝑡) can be expressed as  
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𝑦(𝑡) = 𝑥(𝑡) + 𝑛(𝑡)                                                         (1) 

where 𝑥(𝑡) and 𝑛(𝑡) denote clean speech and additive noise signals, respectively. A reasonable 

assumption which is often made is that clean speech and noise signals are uncorrelated and noise 

is zero mean [26]. A network is then trained and used to generate an estimate of the denoised 

speech signal �̂�𝑖 = 𝑓(𝑦𝑖; Θ) based on the noisy speech signal 𝑦𝑖 as its input. The index i is used 

here to indicate signal frames.  

After the initialization of the network in a supervised manner, the clean speech-free training is 

conducted by considering noisy speech signals as both the input and the output of the network 

without knowing clean speech signals. In contrast to supervised denoising, this clean speech-free 

training makes it more suitable for field deployment as in the field clean speech signals are not 

available. 

As illustrated in figure 5.1, in the supervised speech denoising approach (labeled SSD here), 

training pairs (𝑦𝑖 , 𝑥𝑖) are used to minimize the network loss function in which 𝑦𝑖 is the noisy speech 

input frame and 𝑥𝑖 is the corresponding clean speech target frame. The weights of the network are 

obtained by solving the following optimization problem  

𝑎𝑟𝑔 min
Θ
∑ ℒ(𝑓(𝑦𝑖; Θ) = �̂�𝑖 , 𝑥𝑖)𝑖                                          (2) 

where ℒ(. ) denotes a loss function, normally the mean squared error (MSE) function, and Θ 

denotes the network parameters or connection weights.  

In the clean speech-free approach, see figure 5.1, two noisy realizations of clean speech signals 

are used during training. In other words, the input and the target are considered to be two noisy 

versions of the same speech signal instead of the target being the clean speech signal as in the 
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supervised approach. This means that the network is trained to solve the following optimization 

problem instead of the optimization problem in Eq. (2)  

𝑎𝑟𝑔 min
Θ
∑ ℒ(𝑓(𝑦𝑖; Θ) = �̂�𝑖 , 𝑦𝑖

′)𝑖                                              (3) 

In Eq. (3), 𝑦𝑖
′ denotes another noisy realization of the same speech signal instead of the clean 

speech signal 𝑥𝑖. In other words, training pairs (𝑦, 𝑦′) consisting of two noisy realizations of the 

same speech signal are used to train the network, 𝑦𝑖  = 𝑥𝑖 + 𝑛𝑖 and 𝑦𝑖
′ = 𝑥𝑖 + 𝑛𝑖

′ .  

 

Fig. 5.1. Illustration of the training difference between the supervised deep speech denoising (top) 

and the clean-free deep speech denoising (bottom). 

    This approach is inspired from the image denoising work reported in [27], named Nosie2Noise, 

where image denoising was achieved without using any clean image data. During training, if clean 

speech target signals are replaced with noisy speech signals with the expected value being equal 

to clean speech signals (𝔼[𝑦𝑖] ≅ 𝑥𝑖), the final weights of the network would remain more or less 

the same provided that two assumptions are met as pointed out in [27]. The first assumption is that 
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the noise to be zero mean which is a reasonable assumption to make noting that in practice noise 

is often observed to have zero mean. The second assumption is that the two noisy signals 𝑦 

and 𝑦′need to be decorrelated or ideally uncorrelated. This assumption is met here by using a mid-

side microphone during field training which is discussed next. 

5.3.1 Mid-Side Microphone Signals 

A mid-side microphone is a stereo microphone whose two signals are generated based on the 

difference in loudness instead of time-delay. The relationship between the right-left channels and 

the mid-side microphone signals is given by [28]: 

𝑦L =  𝑦M + 𝑦S 

 𝑦R =  𝑦M − 𝑦S                                                             (4) 

where the mid microphone 𝑦M is usually faced toward the speech source signal and the bi-

directional side microphone 𝑦𝑆 with 90-degree rotation with respect to mid, captures signals that 

is dominated by the background noise signal. Noise signals normally arrive at the side-microphone 

along different paths and they have similar magnitudes but different phases, that is in the 

frequency-domain |𝑁R| = |𝑁L| and  𝑁R = 𝑒
𝑗𝜙 𝑁L [28]. As shown in Eq. (4), for the left channel, 

the side signal is added to the mid signal with positive polarity; and for the right channel, the side 

signal is added to the mid signal with negative polarity. As a result, the right and left signals 

become decorrelated [29].  

Note that a low-quality separation of speech and background noise signals can be achieved by 

summing the right and left channels.  Figure 5.2 shows sample speech signals that are captured by 

a mid-side stereo microphone (Zoom iO7) in an actual audio environment of cafeteria babble noise. 
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The first two signals from the top show the right 𝑦R and the left 𝑦L channels, respectively. The 

other two signals correspond to the side signal yS and the mid signal 𝑦M, which are obtained from 

Eq. (4).  

 

Fig. 5.2. Sample field audio signals captured by a mid-side stereo microphone. 

5.3.2 Architecture of Deep Neural Network  

The training of the speech denoiser network is performed in a frame-based manner. As illustrated 

in Fig. 5.1, noisy speech signals are partitioned into 20ms frames through a Hanning window with 

50% overlap between adjacent frames. A deep neural network is then used to obtain the denoised 

speech signal by using 𝑦𝑖 = 𝑥𝑖 + 𝑛𝑖 as its input and 𝑦𝑖
′ = 𝑥𝑖 + 𝑛𝑖

′ as its target, where 𝑦𝑖 and 𝑦𝑖
′ 

denote two noisy realizations of the same speech captured by a mid-side stereo microphone.  

Next, the architecture of the deep neural network used is mentioned. The network considered is a 

fully convolutional neural network (FCNN). The FCNN architecture is similar to a conventional 

convolutional neural network (CNN) architecture. The only difference is that the fully-connected 
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layers are omitted in FCNN. As noted in [25], FCNNs can model the temporal attributes of time 

series data using 1D convolution layers. The FCNN architecture used here is similar to the one 

described in [25]. This architecture incorporates 6 convolution layers. The number of filters and 

filter size are 55 and (30,1) for the first through the fifth convolution layers, respectively. For the 

last convolution layer, only one filter of size (1,1) is used followed by the hyperbolic tangent 

activation function. 

     The training is speeded up by using the batch normalization in [30] and the Leaky Rectified 

Linear Units (LeakyReLU) activation function is applied after each convolution layer except for 

the last layer. In this architecture, MSE is used as the loss function. To train the network, the Adam 

optimization algorithm described in [31] is used, and the size of the minibatch and the initial 

learning rate are set to 128 and 0.0004, respectively. The training is normally performed for 25 

epochs. As mentioned earlier, the main difference between FCNN and CNN is that there is no 

fully-connected layer in the output of FCNN. Also, the max-pooling layers are removed. As a 

result, in FCNN, the output frame depends only on the neighboring input frames. A depiction of 

the FCNN architecture is provided in Fig. 5.3.  

5.3.3 Single Channel Operation or Testing 

It needs to be noted that only for training of the clean speech-free network, two channels are used. 

During the actual operation or testing of the developed deep speech denoising approach, only a 

single channel is used to feed noisy speech signal frames into the trained deep neural network with 

the output being denoised speech frames.  
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Fig. 5.3. FCNN architecture. 

 

Fig. 5.4 shows the block diagram of the implementation pipeline for field-deployment of the 

developed deep speech denoising solution. Captured audio signals go through audio framing and 

averaging to provide the input to a voice activity detection (VAD) module. This module separates 

noisy speech frames from the absence of speech or from noise-only frames. Noise-only frames are 

then used to identify different noise types via an unsupervised noise classifier. There have been 

studies on noise classification, VAD and their utilization in speech denoising, for example [32-

37]. Similar to these studies, a VAD together with an unsupervised noise classifier are used to first 

select an appropriate denoising model based on the noise type. Here, the VAD is the one described 

in [32] and the unsupervised noise classifier is the one developed in our previous work [33]. 

Before performing noise classification, the VAD module described in [32] is activated to 

distinguish frames with speech activity from noise-only frames. This VAD module contains two 

components: log-Mel energy spectrogram image formation over a time duration as the input of the 

CNN model; and a convolutional neural network (CNN) model to classify audio frames to either 

the presence of speech or its absence. Readers are referred to [32] for more details on the VAD 

used. 



 

62 

 

Fig. 5.4. Implementation pipeline of the developed deep speech denoising. 

 

Then, the noise classifier in [33] is activated using noise-only frames. This noise classifier 

categorizes background noise environments based on decision fusion of two Adaptive Resonance 

Theory 2 (ART2) classifiers [33]. ART2 is an unsupervised classifier that is computationally 

efficient and processes frames in an online manner. The two ART2 classifiers operate 

independently and their decision with equal weight are fused to provide the noise classification 

outcome. One ART2 classifier uses forty log-Mel frequency spectrogram feature vectors and the 

other ART2 considers eight subband features (consisting of four band entropy, and four band 

periodicity feature vectors) as its input. Readers are referred to [33] for more details on the 

unsupervised noise classifier. 

The identification of different noise types allows a bank of fully convolutional neural networks 

(FCNNs) to be trained, each network for a particular noise type with the number of noise types 

capped by the user. The selection of a FCNN model for a particular noise type among the bank of 

the FCNN models is done by the unsupervised noise classifier.  

When a new noise type nnew is encountered by the unsupervised noise classifier, a new FCNN 

can get trained based on speech signals that are corrupted by nnew. Then, this new network gets 
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added to the network bank. In other words, among all the candidate networks, only one FCNN 

network will be selected based on the noise type during actual operation or testing in the field. The 

right part of Fig. 5.4 shows the process of training and operation/testing when a network is selected 

based on an identified noise type. Once the training switch is activated, see Fig. 5.4, noisy speech 

frames that belong to the right and left channels are used as the input and the target of the selected 

network for the clean speech-free training. When the training switch is turned to the off mode, the 

network goes to the testing or operation mode. The denoising outcome is then played back through 

the speaker. It is important to note that the introduced approach uses the conventional supervised 

training as its initial condition. That is why it is labeled here as hybrid speech denoising (HSD). 

5.4 Public Domain Datasets 

Three widely used public domain speech datasets, IEEE [38], TIMIT [39], and VCTK [40] are 

considered for the experimentations reported in the next section. The IEEE Corpus consists of 

3600 speech audio files by 20 speakers (10 females and 10 males) in which each file is about 2 

seconds long. The speakers are from two American English regions of the Pacific Northwest (PN) 

and the Northern Cities (NC) reading the IEEE “Harvard” sentences. The TIMIT Corpus 

(Acoustic-Phonetic Continuous Speech) consists of 630 speakers from eight major American 

English dialects, each reading ten sentences. The VCTK Corpus (Centre for Speech Technology 

Voice Cloning Toolkit) contains audio files of 109 English native speakers with different accents. 

About 400 sentences are read by each speaker.  

The above clean speech signals are corrupted by the noise signals from the UrbanSound8K dataset 

[41] consisting of various noise files each lasting 4 seconds. In this work, based on the urban sound 

taxonomy described in [41], the following four most commonly encountered noise signals are 
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considered: (i) babble (e.g., restaurant, cafeteria), (ii) wind, (iii) engine, and (iv) driving car. All 

noisy speech files are sampled at 48 kHz and normalized to have absolute unit maximum. 

5.5 Experimental Results and Discussion  

Four commonly used objective performance metrics were considered to assess the effectiveness 

of the developed HSD approach. These metrics include: perceptual evaluation of speech quality 

(PESQ) [42], short-time objective intelligibility (STOI) [43], segmental SNR (SSNR) [44], and 

log spectral distance (LSD). For the PESQ and STOI metrics, the ranges are [-0.5, 4.5] and [0, 1], 

respectively, in which the upper bound of the ranges corresponds to the ideal values. Higher SSNR 

means better performance and in case of LSD, the ideal value is 0. 

Three sets of experiments were conducted. The first two sets of experiments were performed using 

the public domain datasets. In the first two sets of experimentations, two decorrelated noisy 

realizations of the same clean speech signals are simulated in order to be able to compute 

performance metrics and thus compare the HSD approach with the conventional SSD approach. 

To perform the comparison in a fair manner, the same procedure depicted in Fig. 5.4 was used for 

the SSD approach. The third set of experiments was performed in the field by carrying out a 

subjective testing. 

5.5.1 Cross-Corpus Simulated Experiments: Unseen Speakers 

In a real-world setting, a network should be able to cope with unseen speech signals or speaker(s). 

In this set of experiments, the clean speech signals of unseen speakers, denoted by dataset 2 in Fig. 

5.5, were considered to be unavailable to reflect a real-world setting. As shown in Fig. 5.5, the 

SSD approach could only get trained with dataset 1 for which clean speech signals were available 
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and was then tested on dataset 2. Unlike the SSD approach, the HSD approach is capable of coping 

with unseen speech signals or speaker(s) by keeping the training switch on for unseen speaker(s) 

since it does not need clean speech signals for its hybrid training.  

In this set of experiments, the SSD training was done for 2340 utterances of dataset 1 and the HSD 

training was done for 1440 utterances of dataset 1 and 900 utterances of dataset 2. More 

specifically, the length of the training data for both SSD and HSD remained the same in order to 

have a fair comparison of the two approaches. For training, the noise level was varied to generate 

three SNR levels of -5 dB, 0 dB, and 5 dB. Then, 360 utterances with SNR of 0 dB were used for 

testing. 

The following experiments were conducted: (i) the network was trained with the IEEE corpus and 

tested with either the TIMIT or VCTK corpus; (ii) the network was trained with the TIMIT corpus 

and tested with the IEEE or VCTK corpus; and (iii) the network was tested with the IEEE or TIMIT 

corpus when the VCTK corpus was used for training. The results of these cross-corpus experiments 

were averaged and are reported in Table 5.1 as well as in Figs. 5.6 and 5.7, where x+n denotes 

unprocessed noisy speech signals.  

In these experiments, HSD had the ability to turn its training switch to on when untrained speech 

signals were encountered, see Fig. 5.5.  As mentioned earlier, HSD uses supervised training first 

to initialize the network based on public domain clean speech signals, and then uses the clean 

speech-free approach based on noisy speech signals in the field. By turning on the training switch, 

the network associated with a noise type could continue to be trained for unseen speakers. In other 

words, aforementioned 1440 utterances from dataset 1 were considered for the supervised part, 

and 900 utterances from dataset 2 were considered for the clean speech-free training part. In 
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addition to SSD and HSD, the Wiener filtering outcome is also reported here. It is worth noting 

that similar to HSD, SSD was also conducted based on the models or networks corresponding to 

different types of noise. The comparison was done for the same type of noise. As shown in Table 

5.1, the performance metrics of HSD were found substantially better than those of SSD and Wiener 

filtering across different noise types.  

 

Fig. 5.5. Training and testing of cross-corpus experimentations. 

 

The cross-corpus results when the other two datasets were used for training are provided in the 

form of bar charts in Figs. 5.6 and 5.7. Fig. 5.6 shows the results when the networks were trained 

on the VCTK corpus and were tested on the TIMIT or IEEE corpus. Fig. 5.7 reveals the results 

when the networks were trained on the TIMIT corpus and were tested on the IEEE or VCTK 

corpus. From these figures, it can be seen that the HSD approach provided superior performance 

over the SSD approach. For example, as shown in Fig. 5.6, when the network was trained on the 

VCTK corpus, for all the noise types, the HSD achieved better speech quality compared to the 

SSD approach. 

Since many results are reported in this section, it helps to summarize the key findings below: 

• Table 5.1 provides the outcome when dataset 1 in Fig. 5.5 was the IEEE corpus and dataset 2 

was the TIMIT/VCTK corpus. The PESQ and STOI metrics for all the noise types were 

improved using the HSD approach compared to the SSD approach. 
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Table 5.1. Performance metrics (frame averaged ± standard deviation) for different noise types 

when the training set is from the IEEE corpus and the testing set is from the VCTK or TIMIT 

corpus having different clean speech signals than the IEEE corpus, the highest values are bolded. 

  Training from IEEE corpus 

Noise Type  PESQ STOI LSD SSNR 

 x + n 1.37 ± 0.10 0.61 ± 0.04 1.95 ± 0.11 -3.51 ± 1.05 

 Wiener 1.39 ± 0.12 0.50 ± 0.05 1.67 ± 0.13 -2.88 ± 0.85 

Babble SSD 1.43 ± 0.10 0.62 ± 0.04 1.46 ± 0.12 -0.96 ± 0.69 

 HSD 1.48 ± 0.12 0.67 ± 0.05 1.29 ± 0.09 0.18 ± 0.61 

 x + n 2.04 ± 0.20 0.85 ± 0.03 1.13 ± 0.08 -2.78 ± 0.76 

 Wiener 2.26 ± 0.28 0.71 ± 0.05 1.13 ± 0.06 -2.99 ± 0.51 

Wind SSD 2.42 ± 0.24 0.86 ± 0.03 1.13 ± 0.12 2.56 ± 0.31 
 HSD 2.43 ± 0.24 0.88 ± 0.03 1.06 ± 0.07 3.19 ± 0.55 

 x + n 1.91 ± 0.46 0.79 ± 0.12 1.37 ± 0.45 -0.38 ± 2.71 

 Wiener 1.94 ± 0.46 0.64 ± 0.07 1.61 ± 0.45 -3.03 ± 1.68 

Engine SSD 1.92 ± 0.43 0.75 ± 0.11 1.23 ± 0.28 0.74 ± 1.66 

 HSD 2.11 ± 0.45 0.82 ± 0.11 1.05 ± 0.26 2.62 ± 2.00 

 x + n 1.77 ± 0.21 0.79 ± 0.04 1.39 ± 0.16 -4.02 ± 1.70 

 Wiener 2.07 ± 0.21 0.66 ± 0.03 1.32 ± 0.12 -2.78 ± 0.76 

Driving SSD 2.03 ± 0.24 0.81 ± 0.04 1.46 ± 0.20 1.30 ± 0.69 

 HSD 2.10 ± 0.26 0.84 ± 0.04 1.24 ± 0.14 2.04 ± 0.86 

 

 

  

   

Fig. 5.6.  Performance metrics for different noise types when the training set is from the VCTK 

corpus and the testing set is from the IEEE or TIMIT corpus. 
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• Fig. 5.6 depicts the outcome of the developed deep speech denoising when dataset 1 was the 

VCTK corpus and dataset 2 was the IEEE/TIMIT corpus. Across all the noise types, HSD 

outperformed SSD, except for the LSD metric in the presence of wind and driving noises.  

• When the TIMIT corpus was selected as dataset 1 (Fig. 5.7), HSD outperformed SSD across 

all the noise types. 

In general, the results shown in the figures and tables in this section reveal that SSD failed to 

improve speech intelligibility compared to unprocessed noisy speech signals x+n in many cases. 

For instance, in Fig. 5.6, SSD did not improve the PESQ and STOI metrics in babble and engine 

noises. Although the results of Wiener filtering outperformed the SSD results with respect to 

speech quality, Wiener filtering failed to improve speech intelligibility across the noise types 

compared to the raw noisy speech signals. That is why in the next set of experimentations, only 

the deep neural network solutions were considered for further analysis. Basically, the results 

reported in this section indicate that HSD is capable of performing effective speech denoising for 

unseen speech signals or speaker(s) while SSD or Wiener filtering are not.  

5.5.2 Cross-Corpus Simulated Experiments: Unseen SNRs 

The effect of SNR variation is examined in this section. In these experiments, the trained networks 

were tested with unseen SNRs (3 and -3 dB) to mimic a real-world setting. Unseen SNRs refer to 

the mismatch between the SNRs used for training and testing. Here, the IEEE corpus was used for 

training and the VCTK corpus was considered to act as unseen speech signals or speakers. Similar 

to the previous experiments, SNRs of -5, 0, and 5 dB were used for training. The average results 

of these experiments across all the noise types are shown in Fig. 5.8 for the PESQ and STOI 
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metrics. Other SNRs exhibited a similar behavior. As can be seen from this figure, substantial 

improvements in quality and intelligibility were achieved by the hybrid speech denoising.  

 

 

  

  
 

Fig. 5.7. Performance metrics for different noise types when the training set is from the TIMIT 

corpus and the testing set is from the VCTK or IEEE corpus. 

 
 

To visually see the effectiveness of HSD, an utterance of a clean speech signal as well as its noisy 

version, its SSD denoised version, and its HSD denoised version are exhibited in Fig. 5.9. A low-

frequency noise corrupted the clean speech signal in which the transient from vowel to another 

vowel cannot be followed visually, see Fig. 5.9(b). Although both SSD and HSD could reduce the 

noise, SSD also removed some structure of the clean speech and thus introduced speech distortion. 

In this figure, the two white arrows point to two regions of the spectrogram where the difference 

in the speech denoising is visually noticeable.  
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Fig. 5.8. Average PESQ and STOI over different noise types for unprocessed noisy speech (x+n) 

and denoised speech signals by SSD and HSD approaches. 
 

 

Fig. 5.9. Spectrograms of a sample speech signal corrupted by engine noise (a) clean speech, (b) 

noisy speech, (c) denoised speech by SSD, and (d) denoised speech by HSD. 
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5.5.3 Field Testing 

In addition to the above experiments, a field testing was conducted. This was done by using the 

mid-side stereo microphone Zoom iQ7 [45] connected to an iPhone allowing to capture two 

decorrelated signals in two channels at a sampling frequency of 48 kHz. Noisy speech signals were 

captured in actual audio environments or in the field for comparing the SSD and HSD approaches. 

The experiments performed, involved a subject reading sentences in an actual cafe environment. 

The recording was done for one hour.  

  In this set of experiments, for SSD, the network was trained by combining all the three 

datasets of IEEE, VCTK, and TIMIT, see Fig. 5.10. For HSD, 15 minutes of the two-channel field 

data additionally were used for training as the input and the target of the network. The 

spectrograms of a sample speech signal from the field and the corresponding denoised signals 

using SSD and HSD are shown in Fig 5.11. From this figure, it can be seen that under realistic 

conditions, SSD was not able to achieve effective denoising due to its lack of generalization 

capability. The last spectrogram in Fig. 5.11(d) shows the spectrogram of the denoised speech by 

HSD which appears cleaner.  

 

Fig. 5.10. Training and testing in the field.   
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Although performance metrics cannot be computed in the absence of clean speech signals during 

field testing, a subjective testing was conducted based on the commonly used Mean Opinion Score 

(MOS) measure [46]. Twelve normal hearing subjects were asked to score their preference for four 

signals: (1) unprocessed noisy speech signal, (2) summation of the right and left channels of the 

mid-side microphone signals (Mid signal), (3) denoised signal using SSD, and (4) denoised signal 

using HSD. Due to the unprecedented COVID-19 pandemic, the subjective testing was conducted 

virtually rather than in-person using a video conference utility. The above four audio signals for 

15 speech passages were played randomly to each subject. Then, the subjects were asked to score 

their preference in this range [1(bad), 2(poor), 3(fair), 4(good), 5(excellent)] in terms of noise 

suppression as well as preservation of speech intelligibility. Fig. 5.12 shows the outcome of the 

subjective testing averaged over the 12 subjects. As can be seen from this figure, the SSD achieved 

the lowest averaged score and the developed HSD approach was preferred over the other signals 

due to its ability to take into consideration the unseen conditions in the field. A portion of a sample 

input noisy speech signal and its corresponding SSD denoised signal and HSD denoised signal are 

posted at this link www.utdallas.edu/~kehtar/FieldTestingResults.html for readers to hear the 

superiority of the HSD approach over the SSD approach when operating in the field. 

5.6 Conclusion 

A novel hybrid deep learning-based solution has been developed in this paper for the purpose of 

denoising noisy speech signals in real-world audio environments by not requiring to have clean 

speech signals. This solution involves the use of two noisy realizations of the same speech signal 

as the input and the target of a fully convolutional neural network. Extensive experimentations 

have been conducted to compare the developed hybrid approach with the commonly used 
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supervised approach in which clean speech signals are used as the target. The effectiveness of this 

approach has been established by showing that it generates improved outcomes in terms of four 

commonly used objective performance metrics as well as a subjective testing.  

 

 

 

 

 

 

 

 
 

 

 

 

 
 

 

 

 

 
 

 

 

 

 
 

 

 

 
 

Fig. 5.11. Spectrograms of a sample speech signal in the field corrupted by cafeteria babble noise 

(a) noisy speech, (b) denoised speech by SSD, and (c) denoised speech by HSD. 

 

 

Fig. 5.12. Field subjective testing outcome in terms of Mean Opinion Score (MOS).   
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The developed deep speech denoising method is capable of adapting to unseen speaker(s) without 

the need to have clean speech signals. In summary, the developed hybrid deep speech denoising 

approach allows speech denoising to be carried out in the field as it does not rely on the availability 

of clean ground-truth speech signals.  
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6.1 Abstract 

This paper presents an educational tool to learn about how hearing aid compression fitting is 

prescribed from a signal processing perspective. An interactive web-based program has been 

developed based on the widely used desired sensation level (DSL-v5) fitting rationale. This 

program can be accessed and used from any internet browser to generate the parameters of 

compression curves that correspond to the nine frequency bands used in DSL-v5. These parameters 

are then transferred to a smartphone in the form of a datafile to be used by a compression app, 

which operates as a virtual hearing aid, running in real-time on both iOS and Android smartphones. 

This educational tool was found to be very easy-to-use by signal processing engineers as no 

programming knowledge is needed for adjusting gain across frequency bands and subsequently 

running the corresponding compression curves in the smartphone app to appropriately compress 

input sound signals.   

6.2 Introduction 

According to the World Health Organization (WHO), more than 450 million people around the 

world have hearing loss and it is estimated that by 2050 more than 900 million people will have 

hearing loss [1]. One way that hearing loss is managed is via the use of hearing aid devices. A 

hearing aid device is either worn in or behind an ear and consists of three major components: a 

microphone, a signal processor, and a speaker. The signal processor amplifies acoustic input from 

the microphone in order to compensate for a person’s hearing loss. The amplified sounds are then 

sent to the ear through the speaker. In modern hearing aids, the signal processor runs a number of 
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signal processing algorithms such as compression, adaptive feedback cancellation, and noise 

reduction.  

The main signal processing algorithm running on the signal processor of a modern hearing aid 

device to cope with hearing loss is compression. The human auditory system is capable of 

perceiving a wide dynamic range of sound intensity from soft to loud. For a person with 

sensorineural hearing loss, the dynamic range can be significantly reduced. Importantly, the 

relative intensity difference between barely audible and uncomfortably loud becomes smaller 

because perception for very loud sound remain relatively similar across a wider range of hearing 

loss and for individuals with normal hearing. Thus, in order for sound to be audible, the acoustic 

information for soft, moderate, and loud sounds must occupy a smaller working space. In order to 

address this problem, a method of squeezing information (compression) into this space is used. 

The process of compression involves mapping the wide dynamic range of normal hearing range 

into a smaller dynamic range commensurate with the degree of hearing loss [2, 3]. Compression 

can be achieved via input/output compression curves or functions as illustrated in Fig. 6.1. As can 

be seen from this curve, more gain is provided for inputs that are less than 75 dB SPL (Sound 

Pressure Level) than for inputs that exceed 75 dB SPL. The gain for inputs exceeding 75 dB SPL 

is compressed relative to the linear gain provided for lower level inputs. Considering that hearing 

loss differs across frequency bands (typically 9 frequency bands are used), a series of compression 

curves are often needed to accommodate differences in residual dynamic range at each of these 

frequencies. The fitting of a hearing aid device is normally carried out by adjusting gain across 

different frequency bands for soft, intermediate, and loud input sound levels. Fig. 6.2 illustrates a 

frequency response curve with higher gain for frequencies in the 3-4 kHz range. Such a curve 
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could be used for an individual with noise-induced hearing loss that typically creates a notch of 

poorer hearing in the 4 kHz region.  

 

Fig. 6.1. Sample input/output compression function. 

 

Fig. 6.2. Sample frequency response curve for an input sound level of 65 dB SPL. 

 

The objective of this paper is to provide an easy-to-use educational tool for signal processing 

engineers to learn about how hearing aid amplification fitting are implemented using signal 

processing compression curves. The widely used prescriptive fitting of DSL-v5 (Desired Sensation 

Level – version 5) by Hand [4] is considered in this paper. This educational tool consists of an 

interactive web-based compression fitting program and a signal processing compression algorithm 

running on the ARM processor of smartphones   (both iOS  and  Android)   as   an   app.   The 
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interaction between the web-based fitting program and the smartphone app is carried out via a 

datafile. This educational tool is portable, thus enabling its wide spread utilization for studying the 

effect of changing compression gains in realistic audio environments. 

The remainder of this paper is organized as follows. Section 6.3 describes both the web-based 

compression and the smartphone app components of the developed educational tool. Sample 

compression fittings are then presented in section 6.4 followed by the conclusion in section 6.5. 

6.3 Hearing Aid compression Educational Tool 

Fig. 6.3 shows a block diagram of the components of the developed educational tool.  The DSL-

v5 compression fitting is carried out interactively on a browser. The languages used to write this 

interactive web-based program include HTML (Hypertext Markup Language), CSS (Cascading 

Style Sheets), and JavaScript. This web-based fitting is freely accessible and can be run on any 

browser via this link: http://www.utdallas.edu/~kehtar/WebBasedFitting.html. No knowledge of 

the programming languages used to create the program is needed in order to use it.  

Fig. 6.4 shows the graphical-user-interface (GUI) of the web-based compression fitting program. 

In this figure, the entries of the first table from the top correspond to the age of a subject (more 

than 3 years old, 4-5 years old, 6 years old, or more than 6 years old), the type of hearing aid (CIC 

(Completely in Canal), ITC (In-The-Canal), ITE (In-The-Ear, or BTE Behind-The-Ear)), and the 

ear coupling of hearing aid (Earmolds or Eartips). The second table from the top incorporates the 

subject’s audiometric thresholds for whom compression fitting is done. Audiometric thresholds 

(called audiogram) correspond to the softest level of sound a person can hear at different 

frequencies. The online utility in [5] is used by the program to obtain these measurements.   
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The next four tables indicate gain across 9 frequency bands for speech inputs at soft, moderate, 

loud, and maximum levels. The entry Target SPL Output in these tables is automatically 

determined based on the audiogram measurements and the pre-specified values in the DSL-v5 

prescriptive tables. The other pre-specified entries of Input SPL, RECD (Real-Ear to Coupler 

Difference) and Mic Effect in DSL-v5 are automatically subtracted to generate specific gain in the 

frequency bands for soft (55dB), moderate (65dB), loud (75dB), and maximum output (90dB) 

levels.  

 

Fig. 6.3. Components of the hearing aid compression educational tool. 

 

 

(a) Subject and hearing aid information. 

 

 

(b) Audiogram measurements from an online test. 

Fig. 6.4. Graphical-user-interface (GUI) of the web-based compression fitting program. 
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(c)  

 

(d) Gains set according to the audiogram and DSL-v5 prescriptive settings for 9 frequency bands. 

Fig. 6.4, continued. Graphical-user-interface (GUI) of the web-based compression fitting program. 

 

 

Gain from the DSL-v5 tables is then converted into compression curves corresponding to the 9 

frequency bands. Each compression curve is expressed in terms of the following four parameters 

[6] (see Figs. 6.1 and 6.6): (i) Compression Threshold (CT) - This parameter indicates the point 

after which the compression is applied. (ii) Compression Ratio (CR) - This parameter indicates the 
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amount of compression. (iii) Attack Time (AT) – This parameter indicates the time it takes for the 

compression module to respond when the signal level changes from a low to a high value. (iv) 

Release Time - This parameter indicates the time it takes for the compression module to respond 

when the signal level changes from a high to a low value. The default values of the attack and 

release times are set to 5ms and 100ms, respectively. The compression ratio of each frequency 

band for the compression thresholds of 55 dB and 75 dB SPL is computed as follows: 

𝐶𝑅 =  
∆𝐼𝑛𝑝𝑢𝑡

∆𝑂𝑢𝑡𝑝𝑢𝑡
=

75 − 55

(75 + 𝐺𝑎𝑖𝑛𝑎𝑡 75 𝑑𝐵) − (55 + 𝐺𝑎𝑖𝑛 𝑎𝑡 55 𝑑𝐵)
 

The button at the end of the web-based program generates a JSON (JavaScript Object Notation) 

datafile which includes the parameters of the compression curves in a readable form. JSON is a 

popular web programming approach for transmitting data to other platforms. The created JSON 

datafile is then transferred to the smartphone and placed inside the compression app folder to be 

used by it. 

Another component of the developed educational tool is a smartphone app for both Android and 

iOS smartphones. This app performs multiband wide dynamic range compression (WDRC) 

according to the compression curves determined by the web-based compression program. The app 

consists of an input module, a multi-band dynamic range compression module, and an output 

module. The compression module in the app uses the multiband WDRC in [7] in which CTs are 

defined in the range of [-50, 0] dB. Positive CTs of the JSON file are redefined based on this range 

via this equation CTapp = CTJSON – 95dB. 

Multi-rating is used in the input/output modules to allow achieving the lowest audio latency on 

smartphones. For iOS smartphones, the audio i/o needs to run at 48kHz and the i/o buffer size 

needs to be kept at 64 samples or 64/48000=1.33ms in order to achieve the lowest audio latency. 
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For Android smartphones (for example Google Pixel), the audio i/o needs to run at 48kHz and the 

i/o buffer size needs to be kept at 192 samples or 192/48000 = 4ms in order to have the lowest 

audio latency. For the app to run in real-time, the compression module runs in frame-based manner 

at 16kHz with a 25ms processing frame size and with 50% overlap, (i.e.  a frame gets processed 

every 12.5ms). To synchronize the audio i/o and the compression modules, circular buffers are 

utilized. An input circular buffer collects input samples from the audio i/o buffer until the 

overlapped frame size of 12.5ms (600 samples) is reached. It is then down-sampled, decimated by 

a factor of 3 and fed into the compression module. After a frame is passed through the compression 

module, it is up-sampled and interpolated before being placed into an output circular buffer, which 

then outputs the audio at the rate of 64 samples (iOS) or 192 samples (Android) at 48kHz. This 

process maintains the lowest audio latency available by the smartphone i/o hardware. Interested 

readers are referred to [8-12] for more details of the modules in the compression smartphone app. 

Fig. 6.5 shows the GUI of the Android version of the app. The compression settings are read from 

the web-based generated JSON datafile. To gain computational efficiency, the nine frequency 

bands are mapped into the following five frequency bands [0Hz-500Hz], [500Hz-1000Hz], 

[1000Hz-2000Hz], [2000Hz-4000Hz], and above 4000Hz. The compressed output can be heard 

via a hardwired earphone or wirelessly (via Bluetooth) on the smartphone. The web-based 

compression fitting program also incorporates the DSL-v5 by Hand document. A video clip 

demonstrating various components of this educational tool is provided at this link: 

http://www.utdallas.edu/~kehtar/EducationalCompressionFitting.mp4. This video clip shows the 

entire fitting process including obtaining audiogram measurements for the 9 frequency bands, 

computing gains from the DSL-v5 tables, updating the parameters of the compression curves 
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according to gain, and finally generating a JSON datafile containing the compression parameters. 

It also shows how to transfer this datafile to a smartphone platform and how to run the compression 

app based on this datafile. 

   

(a)                                                                (b) 

Fig. 6.5. GUI of compression smartphone app (Android version): (a) main page, (b) compression 

parameters.  

6.4 Sample Compression Results 

In this section, sample compression fitting results are provided for different degrees of hearing 

loss. Table 6.1 shows sample gains corresponding to three degrees of hearing loss: normal/mild, 

moderate, and severe. The input-output compression curve or function generated by the developed 

educational tool for the moderate hearing loss row of Table 6.1 is shown in Fig. 6.6. This I/O 

compression function has the following two CTs that can get adjusted: (i) linear gain for sound 

levels lower than the CT1 (soft sounds), (ii) gain between CT1 and CT2 based on the compression 
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ratio CR, (iii) gain for sound levels higher than CT2, and finally (v) a peak clipping control to 

ensure the output does not exceed the maximum power output (MPO).  

Based on the scale of 1 (very difficult-to-use) through 5 (very easy-to-use), five signal processing 

engineers were asked to rate this educational tool. All five testers rated the tool as a 5; very easy-

to-use. All the engineers commented that their rating was based on the fact that no web 

programming knowledge and no familiarity with smartphone software tools were needed in order 

to run the smartphone app using the compression curves derived from the gain settings via the 

DSL-v5 prescriptive fitting webpage.  

Table 6.1. Sample gains for three degrees of hearing loss in 9 frequency bands for a >6-year 

subject, a BTE hearing aid, and an earmold ear coupling. 

Degree of 

Hearing Loss 
Audiogram (dB SPL) Gains from DSL-v5 Tables (dB SPL) 

Normal-Mild {10, 15, 20, 25, 25, 20, 25, 

25, 15} 

Soft Speech:  

Moderate 
Speech:  

Loud Speech: 

MPO: 

{4, 5, 10, 13, 11, 13, 25, 27, 9} 

{2, 4, 9, 11, 11, 16, 25, 25, 9} 

{1, 2, 5, 7, 6, 12, 22, 21, 7} 

{88, 89, 90, 92, 90, 91, 98, 95, 86} 

Moderate  {60, 60, 65, 70, 70, 75, 80, 

85, 85} 

Soft Speech:  

Moderate 
Speech:  

Loud Speech: 

MPO: 

{35, 29, 33, 36, 34, 43, 53, 58, 54} 

{30, 25, 30, 34, 35, 47, 55, 59, 55} 

{29, 21, 22, 26, 25, 36, 48, 52, 50} 

{103,102,105,107,106, 112, 119, 119, 

113} 

Severe {60, 60, 65, 70, 85, 85, 95, 

100,110} 

Soft Speech:  

Moderate 
Speech:  

Loud Speech: 

MPO: 

{35, 29, 33, 36, 43, 48, 64, 69, 71} 

{30, 25, 30, 34, 45, 52, 66, 70, 72} 

{29, 21, 22, 26, 36, 43, 58, 61, 67} 

{103,102,105,107,114, 116, 127, 126, 

127} 

 

The processing time of the developed compression smartphone app for each frame is 0.8ms on the 

iPhone 8 and 0.9ms on the Google Pixel smartphones. Considering that these times are well below 

the overlapped frame time of 12.5ms, the app runs in real-time with no frames getting skipped. 
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The CPU and memory utilization for the iOS version of the app, reported by Xcode IDE [13], is 

4% and 18MB, and for the Android version of the app, reported by Android Studio IDE [14], is 

6% and 66MB, respectively.  

 
Fig. 6.6. Input-output compression curves or functions in the 5th frequency band for the moderate 

degree of hearing loss listed in Table 6.1.  

6.5 Conclusion 

In this paper, an educational tool to learn about hearing aid compression has been introduced. A 

web-based program has been developed that effectively mimics the DSL-v5 hearing aid fitting 

steps and prescriptive gain across nine frequency bands for four speech intensity levels. These gain 

values are converted into nine compression curves or functions whose parameters are stored into 

a datafile. This datafile is then used by a smartphone app (both iOS and Android) which processes 

input sound files in real-time based on the DSL-v5 designed compression curves. The developed 

web-based program can be easily duplicated for other popular hearing aid prescriptive fittings such 

as NAL-NL2 [15]. The approach presented in this paper provides an effective learning tool and a 
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framework for teaching of and research in hearing aid compression in an easy-to-use and 

universally accessible manner.  
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7.1 Abstract 

Existing prescriptive compression strategies used in hearing aid fitting are designed based on gain 

averages from a group of users which may not be necessarily optimal for a specific user. Nearly 

half of hearing aid users prefer settings that differ from the commonly prescribed settings. This 

paper presents a human-in-the-loop deep reinforcement learning approach that personalizes 

hearing aid compression to achieve improved hearing perception. The developed approach is 

designed to learn a specific user’s hearing preferences in order to optimize compression based on 

the user’s feedbacks. Both simulation and subject testing results are reported. These results 

demonstrate the proof-of-concept of achieving personalized compression via human-in-the-loop 

deep reinforcement learning.  

 

7.2 Introduction 

In hearing impaired individuals, the relative intensity difference between barely audible and 

uncomfortably loud sound becomes smaller. Thus, in order to achieve optimal audibility, sound 

must be calibrated to occupy a smaller range of sound pressure levels (SPLs). This dynamic range 

adjustment is achieved through the process of compression [1]. Compression in a reduced dynamic 

range is the key function of modern hearing aids. This process involves squeezing or fitting sound 

into the residual audibility range of a hearing aid user. In hearing aid fitting, so-called compression 

curves are set up by adjusting gains across a number of frequency bands based on a user’s 

audiometric profile. The two most widely used hearing aid prescriptions are NAL-NL2 [2] and 

desired sensation level (DSL-v5) [3]. These prescriptions correspond to gain tables across a 

number of frequency bands for three sound levels, soft, moderate, and loud.  
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It has been reported that up to half of individuals using fitted hearing aids preferred amplification 

or compression settings different than the prescription provided [4-9]. Considering that 

suprathreshold hearing perception varies from person to person and that acoustic environments 

encountered vary from person to person, several papers in the literature have examined self-

adjustment or self-tuning of hearing aid fitting relative to the one-size-fits-all prescriptive fitting 

[10-18]. In [18], it was reported that hearing aid users favored gain settings that were different 

from the NAL prescription settings both in quiet and in noise. Self-adjustments carried out on a 

custom hardware/software such as those recently reported in [19, 20] have also demonstrated 

improvements in hearing perception that can be gained over prescriptive fitting. In addition, the 

benefits of hearing aid personalization were examined in [11, 12]. In [11], the parameter space 

consisted of four possible combinations of microphone mode (omnidirectional and directional) 

and noise reduction state (active and off). First, preferences of a user were learnt in order to create 

a supervised trained model. Then, the model was used to derive an optimal setting among the four 

choices. 

There have been only a few studies reporting algorithms to learn personalize audio compression 

gains (or compression ratios). In [21-23], a machine learning approach for self-adjustment or self-

tuning of compression was presented. In these papers, a Gaussian regression model was used to 

achieve personalized compression by estimating its parameters from training data. User 

preferences were obtained via hearing assessments by listening to music clips in [21,22]. Although 

the results reported show the benefits of personalization, differences in preferences between music 

clips and conversation in noisy environments (e.g., in babble noise) were not addressed. 

Understanding speech in the presence of bothersome background noise is expressed as a major 
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challenge by hearing aid users [24]. Furthermore, in [21-23], only twenty preference iterations 

were done for modeling the hearing preference of a user. In actual audio environments, this many 

iterations would be inadequate for modeling various non-linearities associated with hearing 

perception. Although these findings show the overall usefulness of personalization, preferred 

hearing cannot be achieved without a proper design of the personalization framework. In a recent 

study [25], an agent is trained using simulated contextual preferences within a controlled 

environment. There, the user model is created by hypothesizing correlation among users’ 

preferences based on a number of their observable characteristics. However, the validity of the 

assumption made in [25], i.e. categorizing users’ preferences, is not supported by clinical evidence. 

Hence, human feedback in the training loop is deemed vital in order to provide a personalization 

that can deliver preferred hearing to a specific user.  

To address previous design limitations, a human-in-the-loop (HITL) interactive machine learning 

compression approach based on deep reinforcement learning (DRL) [26] is developed in this 

paper. In our approach, the user is placed in the learning loop. A DRL network is designed to 

receive preference feedback from the user. As a result, it becomes possible to deal with various 

non-linearities of human hearing perception. In general, placing human in the loop of training a 

machine learning model enables reducing the error made by a trained model. The use of the 

conventional reinforcement learning is not sufficient to perform personalization for hearing aid 

compression. For compression, it is vital to include data from human feedback to optimize and 

improve the model over time. That is why in this work, a user’s feedback is placed in the learning 

loop for personalization of compression, considering that the user’s feedback is sparse in practice. 

A combination of a convolutional neural network (CNN) [27] and a bidirectional long short-term 
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memory recurrent neural network [28] or CNN-BiLSTM is used to model a user’s preferences in 

those audio environments that are of interest to the user.  

As discussed in [29], user feedback is affected by biases. Thus, rather than absolute feedback, 

pairwise or relative hearing assessments are deemed more suitable [30]. Hence, in our approach, a 

user is subjected to a series of compressed audios to express his/her preferences towards training 

the model via the reward/punishment mechanism of reinforcement learning; an approach that has 

been successfully applied to gaming [31] and robotics [32]. The developed DRL approach provides 

personalized compression that can be utilized in the field for hearing aid compression studies. It 

should be noted that the focus of this paper is on the development of a human-in-the-loop deep 

reinforcement learning approach for personalizing audio compression and to show its proof-of-

concept by carrying out simulated experiments and a limited clinical subject testing. However, 

deployment would require carrying out extensive clinical testing. 

To describe our approach in detail, the remainder of this paper is organized as follows. Section 7.3 

covers the developed approach to personalize hearing aid compression or fitting via human-in-the-

loop DRL as well as a protocol to perform human preference assessment. The experimental results 

and discussion are then presented in section 7.4 followed by the conclusion in section 7.5. 

7.3 Personalized Compression Approach 

To set the stage for the developed personalized compression, the conventional reinforcement 

learning (RL) is first briefly described. In a reinforcement learning framework, an agent and an 

environment interact over a series of steps. At each time step t, the agent receives an observation 

or state 𝑠𝑡𝜖 𝑆 from the environment and sends an action 𝑎𝑡𝜖𝐴 back to the environment with S and 

A denoting the state and action sets, respectively. In a conventional RL framework, based on a 
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given action, the environment generates the next state together with a reward 𝑟𝑡𝜖𝑅 with R denoting 

the reward set, and the goal is to maximize reward over time. Fig. 7.1(a) shows a block diagram 

of a conventional RL framework. 

The success of RL heavily depends on setting up an effective reward function. Many real-world 

problems are complex, and it is often difficult to formulate an effective reward function. Inverse 

reinforcement learning (IRL) [33] can be used to design a reward function, which can then get 

deployed to train the agent using (deep) reinforcement learning. In order to build an effective 

reward function, human feedback can be used to evaluate the behavior of the agent [34, 35]. In our 

case, in order to model and learn hearing preferences via deep reinforcement learning, the listener’s 

preferences are used.  

Obtaining rewards in a direct manner, based on user feedback, is labor intensive and makes the 

training process impractical because thousands of iterations and user feedbacks would be needed. 

In order to decrease the number of user feedbacks and thus enable a practical deployment of the 

personalized compression, first a reward function is considered to model hearing preferences of a 

user in an asynchronous manner. This is achieved by carrying out comparison between instances 

of two different compressed audios. Then, an agent is trained to maximize reward. Fig. 7.1(b) 

shows a block diagram of this approach. Unlike the conventional RL in which reward is computed 

by the environment, here reward is computed based on user preferences.   

7.3.1 Personalized Fitting Protocol 

Compression in hearing aid fittings is normally performed via software tools that are provided by 

hearing aid manufacturers. These software tools are used to automatically set gains across a 



 

98 

number of frequency bands using established prescriptions based on group averages or with 

manufacturers adding their own variations.  

 

(a) 

 

(b) 

Fig. 7.1. (a) Block diagram of a conventional reinforcement learning framework. (b) Deep 

reinforcement learning with user’s feedback in which reward is obtained based on user 

preferences. 

 

Fig. 7.2. Illustration of gain ranges across different frequency bands. 

 

A user’s audiogram and the prescription gains are used to set the target gains for that user. Across 

each frequency band, a different compression curve is used to generate multiband dynamic range 

compression (DRC). In this paper, the DSL-v5 by Hand prescription in [36] is considered to serve 
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as the reference compression. In other words, the gains in the DSL-v5 tables are used to compute 

the reference DRC parameters consisting of compression ratio (change in gain) and compression 

threshold (sound level at which compression is applied). The process of personalization involves 

modification of the gains specified by DSL-v5 or any other generic prescription based on user 

preferences. 

In this study, the following steps are taken to achieve personalized compression for a specific user. 

The first step is assessing hearing sensitivity by measuring the audiogram of a user. In the second 

step, the compression gains of the user are set by using fitting software. In this work, the DSL-v5 

prescriptive fitting software is used. The third step is initializing the human centered-DRL 

framework with the compression ratios obtained in the second step as the starting point. In the 

fourth step, the compression ratios are adjusted by going through the training process of the human 

centered-DRL framework (an illustration of the gain change ranges for the agent action in the DRL 

framework is depicted in Fig. 7.2). The final or fifth step involves comparing the performance of 

the personalized compression with the prescriptive or reference compression.  

In the personalized framework, an agent that is interacting sequentially with the environment over 

a number of time steps is considered similar to the one in [34]. At each time step, the agent receives 

a new state (observation) from the environment and performs an action. Over an episode, the agent 

performs interaction for a number of time steps. In typical RL settings, a reward at each time step 

is fed into the agent as well.  

However, here rather than a predefined reward, a reward that is modeled based on a user’s 

preferences is considered. In other words, by putting human feedback in the learning loop, it is 

attempted to optimize the agent learning and thus the user hearing perception. The personalization 



 

100 

protocol and block diagram of the developed DRL-based personalized hearing aid compression 

framework is shown in Table 7.1 and Fig. 7.3, respectively. Each block in Fig. 7.3 is described in 

the subsections that follow. 

Table 7.1. Personalized Fitting Protocol 

Step     Description 

1. 

2. 

 

3. 

4. 

 

5. 

6. 

7. 

8. 

 

9. 

Measuring audiogram of the user  

Defining the compression gains of the user using a prescriptive fitting software (e.g., 

DSL-v5 in [3]); computing compression ratios in a number of frequency bands  

Initializing the human-centered DRL framework with the above compression ratios 

Running the policy in the environment and storing a set of compression ratio 

adjustments that are resulted from randomly generated agent’s actions. 

Generating pairs of compressed audio signals with compression ratios in step 4 

Asking the user to label each pair and add audio pairs and their labels to a buffer 

Training the preference (reward) predictor using the buffer  

Training the RL policy, based on the observation received from the environment 

with the reward from the trained reward predictor. 

For M iterations do: 

10. 

 

11. 

12. 

13. 

 Training the policy in the environment for Nsteps with the reward from the 

reward predictor 

Selecting compressed audio pairs resulted from given actions 

Asking the user to declare preferences and adding preferences to a buffer 

Fine-tuning the reward model for k batches from the above buffer 

14. 

15.   

End for 

Hearing assessment to compare personalized compression ratios with those 

specified by DSL-v5 prescriptive compression  

 

7.3.2 Environment 

In the personalized framework, the environment consists of three components: audio segment 

creation, compression ratio update, and agent state transition function. At each policy time step, a 
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noisy speech audio signal is down-sampled from 48 kHz to 16 kHz to lower the computational 

burden.  

 

(a) Training mode  

 

(b) Operation mode 

Fig. 7.3. Developed personalized compression DRL framework: (a) training mode and (b) 

operation mode. 

 

 

Noisy speech audio signals are generated by distorting the widely used public domain IEEE speech 

dataset [37] with babble restaurant noise (provided on YouTube) and SNR of about 0 dB. The 



 

102 

IEEE dataset consists of 3600 speech audio files by 20 speakers (10 females and 10 males) in 

which each file is about 2 seconds long. The speakers are from two American English regions of 

the Pacific Northwest (PN) and the Northern Cities (NC) reading the IEEE “Harvard” sentences. 

A total of 3600 noisy speech audio signals are thus generated and at each time step, a randomly 

selected audio signal is used for preference training. Once a new action 𝑎𝑡+1 is received from the 

agent, CR (compression ratio) in the frequency bands are updated based on the action 𝑎𝑡+1. 

Depending on the number of scales (𝛽) specified for adjusting CR in each of the frequency bands 

(𝐶𝑅𝑎𝑑𝑗), a set of actions is created by permutations and the action space A is given by  

 𝐴 = ∏ 𝛽𝑖
𝑛𝐵𝑎𝑛𝑑𝑠
𝑖                                                              (1) 

where each 𝛽𝑖 denotes the number of actions corresponding to ith frequency band. In other words, 

the action space A is the product space of the action space in all the frequency bands. Consequently, 

adjusting CR in each frequency band is achieved as follows: 

𝐶𝑅𝑛𝑒𝑤(𝑓) = 𝐶𝑅𝐷𝑆𝐿−𝑣5(𝑓) . 𝐶𝑅𝑎𝑑𝑗(𝑓)                                         (2) 

where 𝐶𝑅𝑎𝑑𝑗(𝑓) , 𝐶𝑅𝐷𝑆𝐿−𝑣5(𝑓), and 𝐶𝑅𝑛𝑒𝑤(𝑓), respectively, stand for the compression ratio 

adjustment, the compression ratio computed from the DSL-v5 prescription, and the new 

compression ratio in the 𝑓𝑡ℎ frequency band. Permutations are defined by a dictionary in which 

each action is mapped to a set of compression ratio adjustments across all the frequency bands. In 

our experimentations, to keep the subject training time under two hours, β is set to 2 in each 

frequency band for an action space of 32. It should be noted that the introduced methodology is 

general purpose in the sense that it is applicable to higher β values. When using higher β values (β 

>2), more feedbacks from a subject are needed resulting in higher subject training time.   
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In agent state transition function, a new audio signal is compressed by the updated CRs from the 

previous iteration using the dynamic range compression whose details are described in our 

previous publication [36]. Due to a better match to the human hearing perception, Mel-scale 

frequencies are often used instead of linear scale frequencies to represent noisy speech signals in 

classification tasks [38]. Similarly, compressed noisy speech signals are sampled at 16kHz and 

framed to 20ms by using a Hanning window with 50% overlap. This translates into a frame size 

of 0.020×16000=320 samples. The short time Fourier transform (STFT) of frames are then 

computed. The conversion of frequency 𝑓 in a STFT-frame to Mth Mel-scale frequency is done as 

follows [39]:  

𝑀(𝑓) = 2595 𝑙𝑜𝑔10 (1 +  
𝑓

700
)                                               (3) 

Log Mel-spectrogram features are extracted from each STFT frame using a bank of 80 Mel filters. 

The log Mel-spectrogram features of 240 consecutive frames from an audio segment are stacked 

to create a 2D feature matrix (80×240). This 2D feature matrix is reshaped to a 3D feature space 

creating three adjacent images (80×80×3), which is considered to be one observation for agent 

training. For training the reward estimator, the 2D format of the observation (80×240) is 

considered to be the input/observation to the network.  

Note that in contrast to the conventional RL, here the end-of-episode sign from the environment 

is not shared with the agent to make the agent training one uninterrupted episode. Moreover, 

reward values are received from the reward predictor rather than from the environment.  

Next, unprocessed audio signals and updated CRs are added to a buffer called audio segment queue 

as depicted in Fig. 7.3(a). The audio segment queue σ shown in this figure denotes a set or 
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collection of audio signals U and compression ratios CR computed from a number of k actions, 

that is 

 

𝜎 = ((𝑢0, 𝑐𝑟0), (𝑢1, 𝑐𝑟1),… , (𝑢𝑘−1, 𝑐𝑟𝑘−1))𝜖(𝑈, 𝐶𝑅)
𝑘                              (4) 

7.3.3 Human Preference Interface 

In order to use human input in the learning loop, a hearing preference interface is created to collect 

the user’s hearing feedbacks from a group of comparisons of audio signal pairs that are compressed 

with two different sets of compression ratios. The goal of this user interaction is to learn the non-

linearities associated with the user’s preferences or reward function.               

In hearing preference interface shown in Fig. 7.3, two pairs from the queue 𝜎 are selected at each 

time step. Then, a corresponding pair of compressed audio signals (𝑐1, 𝑐2) is computed which is 

used for the comparison. The user is given 4 options to indicate his/her preference: (1) 𝜇 = [1,0] 

if 𝑐1 is preferable, (2) 𝜇 = [0,1] if 𝑐2 is preferable, (3) 𝜇 = [0.5,0.5] if both compressed audio 

signals are equally preferred, and (4) neither compressed audio signals are desired. Hearing 

preferences are collected over a series of compressed audio signal pairs and are stored in a dataset 

D of triplets (𝑐1, 𝑐2, 𝜇), where 𝜇 denotes the feedback label, and 𝑐1 and 𝑐2 are the two compressed 

audio signals created by applying two different sets of CRs to the same noisy speech signal. Note 

that for option (4), the comparison is excluded from the dataset D.  

In reward predictor state transition function, a batch of data from D is used to train the reward 

predictor model to improve the agent policy. Similar to the agent’s state transition function, each 
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compressed audio signal is framed into 20ms frames with 50% overlap. Log Mel-spectrogram 

features of each frame in an audio segment are computed and considered to be one observation. 

Data augmentation - The performance of the human hearing preference estimator depends on both 

the number of feedbacks acquired from the user and the model structure. A data augmentation is 

thus performed to address the limited size of training data that is available to the reward estimator 

in practice. For this reason, first the data size is doubled by performing data flipping. This data 

augmentation consists of creating realistic samples by substituting features of audio signal 1 (𝑐1) 

with features of audio signal 2 (𝑐2). Their corresponding preference label is switched accordingly. 

The goal of the data augmentation here is to enhance the generalization capability of the preference 

(reward) predictor.  

In addition to increasing the size of the training data, it is made sure that the training data does not 

suffer from unbalanced labels. Unbalanced labels can cause the model not to learn the learning 

preferences due to: (1) the network model not getting optimized for the unbalanced label in the 

original dataset, and (2) the accuracy of a validation or test set drops as it is challenging to have a 

complete representation with few observations. To resolve imbalanced labels, an undersampling 

is done by reducing the number of samples in the class with more labels to match the number of 

samples in the class with fewer labels. 

7.3.4 Preference / Reward Predictor 

In the reward predictor block shown in the Fig. 7.3, the parameters reflecting the reward are 

obtained via a combination of a convolutional neural network and a bidirectional long short-term 

memory (CNN-BiLSTM) in a supervised manner. The convolutional neural network model has 
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proven effective in many applications. LSTM (long short-term memory) is a recurrent neural 

network architecture that has been adopted for time series forecasting. Convolutional layers on top 

of LSTM layers are added to capture local temporal changes. Bidirectional LSTM (BLSTM) 

processes inputs in two ways, once from past to future and once from future to past. Hence, it 

preserves information from both past and future. That is why a CNN-BLSTM model is used here 

to learn hearing preferences of a specific user. 

Log Mel-spectrogram features of compressed audio pairs constitute the two inputs of the network 

and user feedbacks constitute the output of the network. The reward or hearing preference predictor 

provides a reward prediction �̂� and produces the probability associated with preferring a 

compressed audio signal 𝑐1 over another compressed audio signal 𝑐2. For the prediction �̂�, the 

following cross-entropy loss function between the predicted reward and the actual user feedback 

is minimized: 

𝑙𝑜𝑠𝑠(�̂�) =  − ∑ (𝜇(1) log �̂�[𝑐1 > 𝑐2] +   𝜇(2) log �̂�[𝑐1 < 𝑐2] )(𝑐1 ,𝑐2,𝜇)𝜖𝐷               (5)                                

Learning preferences and predicting reward from comparison pairs poses an implementation 

difficulty as a comparison pair does not provide a numeric feedback. To estimate the agent reward, 

one needs to estimate it from an intermediate model or network. The network structure of the 

developed hearing preference predictor is depicted in Fig. 7.4. Fig. 7.4(b) shows the overall 

structure of the network used for training the reward predictor based on the dataset of pair 

comparisons. Batch normalization [40] is applied to the convolutional layers using a decay rate of 

0.90 together with a dropout with alpha = 0.5. The main purpose of the dropout is to prevent the 

network from overfitting. The dropout decorrelates the weights of the hidden layers by randomly 

setting some hidden units to zeros at each training update step. 
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During the training phase, the model is trained on a batch size of 64, and optimized using the Adam 

algorithm [41]. Furthermore, during the training phase, early stopping and adaptive learning rate 

are applied to further avoid overfitting. Once the reward predictor is trained, the intermediate 

model or shared network as depicted in Fig. 7.4 (c) is used for agent training. Due to the fact that 

DRL is sensitive to the reward scale, a sigmoid layer is added at the end of the shared reward 

predictor model to bring the predicted reward between 0 and 1, see Fig. 7.4 (c). 

 

(a) Structure of shared network (b) Training mode and its 

network structure 

(c) Operation mode 

Fig. 7.4. Network structure of the reward predictor. 

7.3.5 RL Agent 

The training for a RL policy 𝜋 is carried out based on the Bellman equation [42] in which at each 

time step t, the RL policy provides an action at for a given state st as expressed below 

𝜋: 𝑆 → 𝐴                                                                  (6) 
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𝑎𝑡 =  𝜋(𝑠𝑡) 

Action 𝑎𝑡 influences the future state of the agent. The success of RL in learning the policy is 

reflected in the reward and the goal of RL is to maximize the overall reward. The parameters of 

the policy can get updated based on deep Q-learning [42], which is shown to be an effective RL 

training for personalization purposes [43], to maximize the overall estimated reward �̂�. Here, Q-

value in Q-learning is optimized by a convolutional neural network. Q-value at a time step j is 

computed as follows: 

𝑦𝑗 ⟵ 𝑟(𝑠𝑗 , 𝑎𝑗) + 𝛾𝑚𝑎𝑥𝑎′𝑄𝜙(𝑠
′
𝑗 , 𝑎

′
𝑗)                                       (7) 

where 𝑟(𝑠, 𝑎) denotes the reward of a state and an action, and 𝛾 is a discount factor. A Q-value is 

basically a prediction of the future reward which allows selecting a next action for a given state. 

To convert the output values of the CNN into action probabilities, the so-called one-hot 

representation is utilized. As noted below, the action with the highest probability is then selected 

𝑎𝑗 = arg𝑚𝑎𝑥𝑎 𝑄𝜙(𝑠𝑗 , 𝑎𝑗)                                                    (8) 

The loss function in this CNN-based Q-learning is the mean-square-error (MSE) and the 

optimization is done by using the Adam algorithm, resulting in the CNN weights to get updated as 

follows: 

𝜙 ⟵ arg𝑚𝑖𝑛𝜙 ‖𝑄𝜙(𝑠𝑗 , 𝑎𝑗) − 𝑦𝑗‖
2
                                           (9) 

It is important to note that in contrast to supervised learning in which targets are fixed before 

training, here targets of the CNN-based agent depend on the network’s weights that get updated 

gradually. 

Before starting to train the RL agent and in order to reduce the chance of training a bad policy 

based on an untrained reward predictor, the reward predictor is trained with the dataset D of user 
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preferences (mentioned earlier in subsection D). This means that the training of the reward 

predictor is performed asynchronously with respect to the DRL agent. For example, 200 

comparison pairs can be conducted by the user at the beginning of the DRL training. Then, 

querying of the user feedback can be done every M time steps (see Table 7.1).  

For the CNN 𝑄𝜙(𝑠𝑗 , 𝑎𝑗) model, a similar configuration used in the Atari experiment in [35] is 

utilized here. In this work, 80×80× 3 stacked log Mel-spectrogram images of an unprocessed 

audio segment are used as the input to the policy. The policy model consists of 3 convolutional 

layers having 32, 64, and 128 filters, respectively, with rectified linear unit (ReLU) activation and 

alpha = 0.01. Then, the flattened output of the last convolution layer is concatenated with the 

compression ratio adjustments (𝐶𝑅𝑎𝑑𝑗) of the previous time step.  

Table 7.2. Parameters associated with agent training 

Parameter Value Description 

NEpisode 300 Number of episodes for training 

NSteps 20 Number of steps in an episode  

Training frequency 20 Number of steps to train agent 

Batch size 50 Number of training observations used in one iteration 

𝛾 0.99 Discount factor in updating Q-learning 

No-op  30 Number of time steps before starting to train the agent 

 

This is followed by two fully-connected layers of size 256 with ReLU activation, and a fully-

connected layer with a size equal to the action space size. A fraction of the dataset is used as 

validation data to avoid overfitting. The agent is trained for 300 episodes, each containing 20 agent 
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time steps. The trained reward model is fixed during the agent training. The value and description 

of parameters associated with the agent training are summarized in Table 7.2. 

In this approach, non-numerical feedback rather than absolute feedback is obtained from a user. 

The goal is to learn a policy that is most consistent with the user’s preferences. As a result, 

personalization emulates the intention of the user and finds a policy that is ideally consistent with 

it. 

The above learning can be viewed as an active learning approach for achieving personalized 

compression. This approach has the advantage of being able to get trained in an online manner, 

thus allowing its utilization in the field or in real-world audio environments. The described 

approach constitutes the first attempt at personalizing compression via DRL by placing a user in 

the process of learning hearing preferences as reward. The key attribute of the developed 

personalization compression is that it is capable of modeling the non-linearities of a user’s hearing 

preferences and dealing with noisy preference feedbacks, and thus improving over time by fine-

tuning the model based on more preferences and new encountered audio environments. 

7.4 Experimental Results 

Two sets of experiments were conducted to examine the performance of the developed 

personalized DRL compression. The first set included simulations of the HITL deep reinforcement 

learning. In the second set of experiments, five adult human participants with bilateral, mild to 

moderate hearing loss were tested. All human subject testing was performed under an approved 

IRB (Institutional Review Board) protocol at the University of Texas at Dallas. In the two 

subsections that follow, these two sets of experiments are described. The purpose of the simulation 

experiments was to show the capability of the developed personalized approach to learn hearing 
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preferences towards generating compression ratios that best matched a specific setting or user. In 

addition, the results of the personalized compression for five participants with hearing loss are 

reported.  

7.4.1 Simulation Experiments 

In the first set of experiments, hearing preference scenarios were simulated, and the outcomes were 

examined to see the learning capability of the developed personalized DRL compression. The 

simulated experiments refer to simulating users with different hearing preferences to evaluate the 

effect of 𝛽 value, user’s feedback, and error in the training of the reward predictor and agent. In 

order to analyze the training performance of the DRL compression, simulations allow more control 

over preferences. Hence before testing the framework on subjects, five different hearing preference 

scenarios were simulated by using sets of if-then conditions. As described earlier, when the size 

of the action space is grown by increasing the number of frequency bands or the number of 

scales 𝛽, the personalization consequently demands more iterations, which poses difficulties for 

its real-world deployment. For simulated hearing aid users 1, 2, and 3, adjustments in all five 

frequency bands were considered and for simulated hearing aid users 4 and 5 only in two and three 

frequency bands (first, third, and fifth bands), were considered, respectively. To visualize the 

permutation and possible compression ratio (CR) adjustments for simulated users, a mosaic 

representation also known as Marimekko diagram is displayed in Fig.7.5. Each column represents 

one possible compression ratio adjustment in the action space A.  

For all simulated hearing aid users, the same audiogram or the same prescription gains from [36] 

were used. Then, the DSL-v5 prescriptive gains expressed in nine frequency bands were mapped 
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to five bands to reduce the computational complexity. The developed DRL methodology is general 

purpose in the sense that it can be applied to any number of bands. The number of bands that are 

commonly used are five, seven, and nine. Naturally, more training time with a subject in the loop 

would be needed as the number of bands is increased since the action space becomes larger.  

Five frequency bands used were: [0-500] Hz, [500-1000] Hz, [1.0-2.0] kHz, [2.0-4.0] kHz, and 

[4.0-6.0] kHz. The compression ratios (gain changes) were computed from the gains. The attack 

time (time it takes to respond to higher sound levels) and the release time (time it takes to respond 

to lower sound levels) were set to the typical values of 0.01s and 1.0s, respectively. Basically, the 

attack and release time regulate the reaction pace of compression. Moderate and loud compression 

thresholds were also set to 60dB and 80dB to be consistent with the prescriptive hearing aid 

compression fittings.  

At each training time step, based on the agent’s input or state, the agent outputs one of the CR 

adjustments as an action in A to the environment. Each action corresponds to compression setting 

adjustments in the five frequency bands. Action space A of simulated users is shown in Fig. 7.5 

via a mosaic representation for two possible CR adjustments, β = 2 (𝐶𝑅𝑎𝑑𝑗 = 1 𝑜𝑟 4). The column 

in this figure shows all possible combinations of CR adjustments across the five frequency bands. 

As a result, the action space of the first three simulated users became as depicted in Fig. 7.5(a), 

exhibiting 32 possible compression ratio adjustments across all five frequency bands (𝐴 = ∏ 25𝑖 =

32). Fig. 7.5(b) depicts the action space of a simpler case by changing the compression ratios in 

only the first and the fifth frequency bands, exhibiting 4 possible CR adjustments. Likewise, the 

action space for the case of adjustments in only three frequency bands (first, third, and fifth) is 

depicted in Fig. 7.5(c). In Fig. 7.5, light color indicates 𝐶𝑅𝑎𝑑𝑗 = 1 (no adjustment) and dark color 
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indicates 𝐶𝑅𝑎𝑑𝑗 = 4 (users often prefer higher compression ratio in a noisy environment). As an 

example, in Fig. 7.5(a), the second column in Fig. 7.5(a) mosaic plot exhibits the CR adjustment 

settings as [4,1,1,1,1], and for the 20th column, the CR adjustment settings as [4,4,1,1,4]. In other 

words, based on the agent’s input, the agent can give one of the 32 actions in A, each one 

corresponding to a compression setting adjustments in five frequency bands. As can be seen from 

Fig. 7.5, the action space of the agent is influenced by two factors: number of frequency bands and 

number of adjustments in each frequency band. 

Overall, 200 hearing preferences over audio pairs were considered for each simulated user. As 

illustrated in Fig. 7.6, when the action space became larger, more user feedbacks were required to 

model user’s hearing preferences. Preference space is displayed in Fig. 7.6 not only show the 

complexity of hearing feedbacks in larger action spaces, but also differences in preferences 

between the users 1, 2, and 3. To make the simulation close to reality, the following conditions for 

the simulated users were considered (users 1 to 3  are shown in Figs. 6a to 6c, respectively): (1) 

receiving noisy feedback from user, (2) receiving inconsistent and highly noisy feedback from 

user, (3) receiving neutral preferences across various compression settings from user. The 

simulated user 2 is an example of the situation when an actual user does not give proper feedback 

preferences when listening to audio pairs of two sets of compression ratios. This led to failure in 

learning preferences during the reward predictor training which consequently led to failure in the 

agent learning or learning the best settings for that user. The simulated user 3 is an example of the 

situation when an actual user is very strict about some settings and has neutral preferences over 

the other settings. This led to having more neutral preferences and therefore the training dataset 

became highly unbalanced.  
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Fig. 7.5. Mosaic representation of action space corresponding to simulated  (a) users 1, 2, and 3, 

(b) simulated user 4, and (c) simulated user 5, with β = 2 (𝐶𝑅𝑎𝑑𝑗 = 1 𝑜𝑟 4) and compression in 

five frequency bands. Light color indicates 𝐶𝑅𝑎𝑑𝑗 = 1 and dark color indicates 𝐶𝑅𝑎𝑑𝑗 = 4. 

 

The learning loss value of hearing preferences with respect to training epochs in different 

scenarios is displayed in Fig 7.7. By comparing Fig. 7(a) with Fig. 7.7(d), it can be seen that the 

learning process in the reward predictor training became more challenging as the action space 

became larger. As can be seen from Fig. 7.7, simulated users 2 and 3 have worse validation loss 

in training the reward predictor. Failure in preference learning for simulated user 2 is due to 

inconsistent feedbacks from the user. For simulated user 3, due to having highly imbalanced 

data (more neutral preferences), failure occurs in the training of the reward predictor. 

 

(a) Adjustments in all five frequency bands that is mapped to 32 actions 

 
(a) Adjustments only in the first and the  

fifth frequency bands 

 
(c) Adjustments only in the first, the 

third, and the fifth frequency bands 
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Fig. 7.6. Preference space collected from simulated (a) user 1, (b) user 2, (c) user 3, (d) user 4, and 

(e) from simulated user 5. 

 

The mean of the normalized reward and the mean of the Q-values (target outputs) across the agent 

training episodes for each simulated user are displayed in Figs. 7.8 and 7.9, respectively. From 

these figures, it can be seen that both the mean reward and the mean Q-value exhibited an 

increasing trend, indicating that the personalized compression was gradually learning the policy 

that was ideally consistent with the users’ hearing preferences. As mentioned earlier, the success 

of RL is heavily dependent on the performance of the reward predictor. That is why, although an 

increasing trend for user 2 is exhibited in Fig. 7.8(b) and Fig. 7.9(b), the personalization was not 

effective due to the poor training of the reward predictor. 

 

 

 

                    (a) User 1                               (b) User 2                                (c) User 3 

 

                                         (d) User 4                                     (e) User 5 
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7.4.2 Subject Testing Experiments 

In addition to the above simulations, actual human subject testing was performed according to the 

IRB protocol described earlier with one modification. Due to the Covid-19 pandemic, the original 

IRB was modified to allow participant testing to be conducted online instead of in a soundbooth. 

For the subject testing experiments, “virtual” visits were conducted using a video conference 

utility. Secure links were emailed to the participants to access online experimental sessions.  

For subject testing, a crowdsourcing approach similar to the P.808 standard [44] was considered. 

It was ensured that the subjects listened to different audio pairs many times in a random order for 

a trustworthy comparison between the DSL-v5 settings and the personalized DRL settings. 

Eligibility conditions of the participants in our approved IRB included: (i) range of hearing loss of 

participants being mild to moderate, (ii) participants being native English speakers or presenting a 

native-level fluency of English, (iii) participants having symmetric hearing loss, and (iv) age range 

of participants being in the range 18-80 years old. 

Initially, the participants obtained their audiograms using the web-based hearing test at 

https://hearingtest.online/. As per Table 7.1, for training the developed deep reinforcement 

learning personalized compression, 210 (7 sessions of 30, with breaks in between) pairs of sound 

files consisting of the spoken sentences, discussed earlier, in noisy (babble) background were 

played at SNR of 0 dB. 

The participants were asked to indicate which sound file or clip they preferred or whether both 

sound clips sounded the same to them. It is worth mentioning here that increasing the number of 

sound files naturally improves the training and 210 audio sound files may not be adequate to cover 

all possible combinations of compression settings. For example, for 𝛽 = 2, the number of possible 
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actions is 25 = 32, demanding (32
2
) = 496 pairs of sound files. However, to avoid human fatigue, 

the test sessions were limited to 2 hours. This time frame constrained the number of audio sound 

files to 210 over 7 sessions. The data augmentation mentioned earlier was then applied to the 

collected dataset D of triplets (𝑐1, 𝑐2, 𝜇). The reward predictor was trained based on the augmented 

data to learn a participant’s hearing preferences.  

 

 

Fig. 7.7. Cross-entropy loss value in training reward predictor for simulated (a) user 1, (b) user 2, 

(c) user 3, (d) user 4, and for (e) user 5 

 

Fig. 7.8. Mean of normalized reward per episode and its trend (in solid red line) in the agent 

training for simulated (a) user 1, (b) user 2, (c) user 3, (d) user 4, and for (e) simulated user 5. 

 

     

(a)User 1 (b) User 2 (c) User 3 (d) User 4 (e) User 5 

 

 
      

 

 

      

(a)User 1 (b) User 2 (c) User 3 (d) User 4 (e) User 5 
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Fig. 7.9. Mean Q-value per episode in the agent training for simulated (a) user 1, (b) user 2, (c) 

user 3, (d) user 4, and for (e) simulated user 5. 

 

 After training the policy, a comparison test was conducted between the personalized compression 

and the DSL-v5 reference prescriptive compression by playing 60 randomly selected sentences 

across different talkers in a noisy (babble) background at the same SNR level of 0dB. To remove 

any bias associated with the timeline of the training and testing phases, a gap of at least one-week 

was placed between these phases. Note that the training is carried out offline and once the offline 

training is completed, the actual operation/testing of the trained DRL compression only takes 71ms 

for a 2.5 seconds noisy speech sentence using a 2.9 GHz dual-core i5 processor computer. Thus, 

for all practical purposes, the developed personalized DRL compression runs in real-time during 

operation or testing. The “preference metric” used here is an integrated metric to enable 

personalization as it incorporates speech quality, speech intelligibility or word error rate, and audio 

comfort at the same time in a collective manner. In other words, when users judge audio pairs, 

they consider all these metrics together. For example, one user may prefer or prioritize speech 

intelligibility over speech quality and one user may prioritize speech quality over speech 

intelligibility.  

     

(a)User 1 (b) User 2 (c) User 3 (d) User 4 (e) User 5 
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Table 7.3 provides the compression ratios of DSL-v5 versus the compression ratios of the 

developed personalized approach for five participants with mild to moderate bilateral hearing loss 

who took part in this study. The outcomes of the participant testing experiments in terms of 

preference percentages are shown as a bar chart in Fig. 7.10. In this figure, the “personalized 

settings preferred” implies that in the audio pair assessment indicated in step 15 of Table 7.1, the 

subject preferred the audio that was compressed by personalized DRL compression settings. 

Likewise, the “DSL-v5 settings preferred” refers to when the subject preferred the audio 

compressed by the baseline or reference prescriptive DSL-v5. Similar preference denotes that the 

subject had equal preference over the audio compressed with the personalized DRL compression 

settings, and the audio compressed by the reference prescriptive DSL-v5 compression settings.  

As can be seen from this figure, on average, personalized settings were clearly preferred by the 

participants over the DSL-v5 settings across different talkers and sentences heard. In other words, 

the number of times the personalized settings were preferred by the participants were nearly 7 

times greater than the number of times the DSL-v5 settings were preferred. These results indicate 

that the developed personalized or individualized compression indeed is more effective than a one-

size-fits-all DSL-v5 prescriptive compression approach. Audio samples of the subject testing 

experiments can be heard at this link: www.utdallas.edu/~kehtar/DRLcompression.html. 

7.5 Conclusion and Future Work  

In this paper, an active human-in-the-loop DRL-based personalized hearing aid fitting approach is 

developed to improve the currently practiced one-size-fits-all hearing aid fitting. The current fitting 

practice involves setting compression gains based on gain averages of a group of users which are 

not necessarily optimal for a specific user. The developed approach personalizes compression 

http://www.utdallas.edu/~kehtar/DRLcompression.html
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settings via a deep reinforcement learning framework. This is the first time human-in-the-loop 

DRL has been used to achieve improved hearing aid compression. Both simulation and 

experimental results show the effectiveness of the developed personalization approach in 

achieving preferred hearing outcomes.  

Table 7.3. subject testing experiments: DSL-v5 vs. personalized compression ratios. 

Subject Level of 

hearing 

loss 

Audiogram in 

freq. bands 

[0.5, 1.0, 2.0, 

4.0, 6.0] kHz 

DSL-v5 gains 

for 

soft speech 

DSL-v5                          

compression 

ratios 

Personalized 

compression 

ratios 

1 Mild [15,20,20,30,30] [7,8,14,17,15] [1.1,1.2,1.3,1.2,1.3] [1.1,1.2,1.3,4.8,5.2] 

2 Mild [15,15,20,20,30] [5,6,14,15,15] [1.1,1.2,1.3,1.2,1.2] [4.4,1.2,5.2,1.2,4.8] 

3 Moderate [20,20,40,50,60] [11,12,24,29,34] [1.1,1.2,1.3,1.2,1.4] [4.4,1.2,1.3,4.8,5.6] 

4 Moderate [25,20,20,40,30] [13,11,14,22,15] [1.1,1.3,1.3,1.3,1.3] [4.4,1.3,1.3,5.2,1.3] 

5 Moderate [20,20,30,40,40] [6,11,20,23,20] [1.1,1.2,1.3,1.2,1.4] [1.1,1.2,1.3,4.8,5.6] 
 

 

 

 

 

 

 

Fig. 7.10. Outcome of subject testing experiments in percentages: comparison of hearing 

preference between personalized compression and DSL-v5 compression. 

 

The overall goal of this paper was to leverage simulation with limited clinical subject testing, to 

show the proof-of-concept of our novel personalized compression using HITL DRL approach. In 

future studies, the deployment and efficacy of our approach can be further assessed by carrying 

out extensive clinical testing. This would require examining a large number of subjects in 
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controlled audio environments and in the field. It would also be useful to examine several noise 

types, SNRs, numbers of frequency bands, and alternative metrics other than the preference metric 

used in this work. One key advantage of the introduced personalization approach is that it is general 

purpose in the sense that all of these parameters are already built into its training/testing and 

additional parameters can be added to explore an even larger variable space. 
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CHAPTER 8 

 

CONCLUSION AND POSSIBLE EXTENSIONS 

 

 

The thrust of this dissertation has been on the development of personalization frameworks for the 

two main signal processing modules of hearing aid devices, namely noise reduction and dynamic 

range compression. The main contributions of this dissertation are summarized below:  

1. A personalized audio noise classification has been developed as part of a personalization 

framework for noise reduction by conducting the classification training in an online manner 

without the need to carry out any offline training. This personalized approach is 

implemented as a smartphone app for real-time field deployment. 

2. An open-source educational tool has been developed to study hearing aid compression 

in actual audio environments. This tool is a web-based program mimicking the prescriptive 

DSL-v5 hearing aid fitting gains across its frequency bands. The gains are then 

programmed into a smartphone app to perform real-time field testing. 

3.  A personalized deep learning-based noise reduction has been developed which is more 

suited for field deployment and adaptive to unseen audio conditions that occur in real-

world environments. The novelty of this approach is that it eases the requirement of 

commonly used approaches that require the availability of clean ground-truth speech 

signals. In addition, a personalized noise reduction smartphone app running in real-time 

with low-latency has been developed.  

4. More prominently, a personalized human-in-the-loop deep reinforcement learning-based 

hearing aid fitting approach has been developed to enable improved hearing as compared 
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to the currently practiced one-size-fits-all hearing aid fitting strategies. This is the first time 

a human-in-the-loop DRL has been considered to achieve hearing aid compression. 

Possible extensions of this dissertation work include, but not limited to, the following: 

1. Integration of personalized noise reduction and personalized compression into one 

unified speech processing pipeline. 

2. Carrying out extensive clinical testing to further assess the efficacy of the personalization 

of noise classification and reduction, i.e. examining a large number of subjects in the 

field across different non-stationary noise environments. 

3. Carrying out extensive clinical testing to further assess the efficacy of the personalization 

of compression, i.e. examining a large number of subjects in both controlled audio 

environments and in the field across different noise types, signal-to-noise ratios, numbers 

of frequency bands, etc. 

4. Based on (2) and (3) above, performing data mining to establish more effective noise 

reduction and compression to what is currently being used.   
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