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Listening to the Environment

 The overall goal of task 4 is to use deep learning to develop a model that associates individual anatomy 
to a head-related transfer function.

 When listening to sounds in the environment, the incoming sound wave passes by the outer ear.

 Due to the ear’s complex geometry, there are multiple paths that the incoming sound wave can travel 
along; each will have a different effect on the amplitude and phase of the sound.

 The signal that reaches the eardrum is a superposition of all these different paths.

 The ultimate result of this multi-path effect this is a linear audio filter dependent on two things: The ear 
geometry and the travel direction of the incoming sound wave.

 The head-related transfer function, or HRTF, is a record of this effect for one particular person.
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Spatial Audio Systems

 The primary goal of a spatial audio system is to provide location information to the listener.

 Given an HRTF, a sound signal, and the location of the sound source, we can calculate the signal that 
should be present at the eardrum.

 This signal can then be delivered via headphones, bypassing the physical filtering of the outer ear.

 If the HRTF used is a close match to the listener's natural HRTF, they will percieve the sound as coming 
from the desired virtual location.

 As the mismatch between the listener's natural HRTF and the sound system's HRTF grows, the accuracy 
of the percieved location falls.

 Eventually, with a large enough mismatch, the listener is no longer able to discern any location 
information from the sound.

 Estimating the listener's HRTF from easily-collectible data, however, is still an open research question; 
the one task 4 intends to address.
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Data Collection

 Our efforts are divided into two tracks, which are proceeding in parallel.

 One is producing a database of geometry - HRTF pairs to be used as training data for our model.

 This involves manufacturing and measuring a series of synthetic ears in an anechoic chamber.

 The other track is the primary focus of this presentation: Developing machine learning models and 
high-performance computing techniques for working with ear geometry information and HRTFs.

 In the later stages of the project, these two tracks will merge and we will apply the techniques 
developed in the modelling track to the data collected in the experimental track.
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Sound Localization Training

 The first goal on the modelling track is to ensure that we can effectively work with HRTF files in machine 
learning and high-performance computing contexts.

 To this end, we attempted to train a model to perform the same sound localization task that humans do: 
Given the sound wave that arrives at the listener's eardrums, produce a vector that points to the sound 
source.

 This slide shows the organization of this training process.
 White noise and a source direction are fed into the HRTF to produce a sound wave for the model to analyze.
 The sound is then processed by a feature extraction stage, which produces a vector with three parts 

representing differences between the left and right channels: the broadband amplitude difference, band-
limited amplitude differences, and band-limited phase delays.

 This feature vector is then processed by a feed-forward neural network, and the network’s output is 
compared to the original source direction.

 The end result of this training process is a neural network that estimates the location of sounds that have 
been transformed through the one particular HRTF used to train the model.

 There are several hyperparameters, indicated in orange, without strong justification in the prior literature: the 
neural network learning parameters, the window size used to calculate audio features, and the number of 
frequency bins to include in the feature vector.
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Hyperparameter Search

 To determine these hyperparameter values, we performed an Optuna search.
 This plot shows the progress of that search.
 The horizontal axis represents the primary optimization target, the 95th percentile estimation error, in 

radians, of the test set.
 We also included an estimate of the training cost as a secondary optimization target, so that Optuna

would focus its efforts on low-cost trials; this is reported on the on the vertical axis.
 Each dot represents a single trial of the search.
 The color saturation indicates the trial number: The first trial is white, and the last trial is completely 

blue.
 Over time, the trials concentrate towards the bottom-left portion of the plot, which indicates 

that Optuna is successfully learning how the different hyperparameters affect the target values.
 The red dots are the Pareto frontier, the final output of the search.
 Each of these represents a hyperparameter selection that is better in at least one sense than all others 

that were considered.
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Hyperparameter Validation

 We selected one of these hyperparameter sets as representing the best tradeoff between accuracy and 
training time.

 We then trained networks using these hyperparameters for all of the HRTFs in the ITA-HRTF database, 
and the results are shown on this plot.

 The axes are the same as before, angular error on the horizontal axis and training cost on the vertical 
axis.

 To mitigate the possibility that the chosen hyperparameters would be overfit for a single HRTF, three 
models were trained for each Optuna trial, reporting the worst result.

 These three HRTFs are shown with blue dots.
 The red dots are HRTFs that were not included in the training process at any point.
 With the exception of one outlier, these form a dense cluster centered around the training HRTFs, 

which indicates that the selected hyperparameters are a good fit for this problem.
 This cluster has a mean 95th percentile error of 19°, which is a close match to a prior study which found 

that humans can locate, with 95% confidence, sounds to within about 20°.
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CPU / GPU Comparison

 Once the initial model was developed, we ported it to run on the DEEP-EST cluster at the Juelich
Supercomputing Center.

 This required finding GPU-based replacements for the various libraries used in the CPU-based 
implementation.

 This table summarizes the software libraries used for each of the two implementations.

 Each of these GPU libraries are interoperable, in that data can be transferred between them freely 
without reformatting it or copying it into main memory.

 After the rewrite, the Optuna search time was cut from 3.5 days on a single 6-core computer to 3.5 
hours on DEEP.
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Proposed Architecture

 Performing this small-scale HRTF study has provided insights into how best to work with HRTFs and the 
difficulties we are likely to encounter when developing the final model for task 4.

 Based on these insights, the most appropriate structure for this ultimate model appears to be a 
variational autoencoder.

 The encoder can be run offline, and is responsible for translating ear geometry into some latent 
representation of an HRTF.

 The decoder, on the other hand, needs to be capable of running in real-time, as it is responsible for 
combining this latent representation with a sound direction to produce an audio transfer function. 

 The next steps for task 4 are to perform a similar small-scale study on ear geometry to find out how to 
structure the encoder and to prototype the decoder using existing HRTF databases as training data.

 By the time these two steps are complete, the data collection work should have produced enough data 
to start developing the final model in its entirety.
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