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1. Summary
The present contribution presents results of a study designed to assess the impact of Head Related Transfer Functions (HRTF) and Headphone Transfer Functions (HpTF) to the perceived localization, externalization and coloration of a sound source. The results indicate, as expected, that the use of individualized HRTFs in combination with individualized HpTFs offers a statistically significant improvement in all these aspects. The test methodology can be used to evaluate the suitability of a HRTF/HpTF set for a given individual.
2. Introduction
The LiQuImAS work item description [1], lists among its objectives: “Develop new subjective and objective test methodologies (if applicable) considering: [. . .] (c) Possible impacts of dynamic rendering, headphone equalization and use of Head Related Transfer Functions (HRTF) to the perceived audio quality / psychophysical response, either in isolation or in combination with other processing blocks of the immersive audio system.” To assess the impact of headphone equalization and use of individualized HRTFs, the source designed a multidimensional Degradation Category Rating (DCR) listening test and conducted a preliminary experiment.
3. Test Methodology
3.1 Goal of the Experiment
The goal of the experiment is to detect to what extent a given set of HRTFs and an HpTF impact the perceived externalization, coloration and localization of discrete sound sources.
3.2 Listening Experiment Paradigm
The listening experiment paradigm is a Degradation Category Rating. The listeners task is to assess the perceived quality of a binauralized presentation over headphones in comparison to a direct loudspeaker presentation. The listeners assess three quality attributes that are simultaneously presented on a Graphical User Interface (GUI): Externalization, Localization and Coloration. These three attributes were chosen from a range of attributes used in previous experiments, see generally [2].
3.3 Test Environment
The test environment consisted of a critical listening room, equipped with a 28.2 loudspeaker layout configuration according to [3] and reproduced in Table 1 for convenience. The loudspeakers were Genelec 8250A with individual equalization and level calibration.
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Table 1 - 28.2 Speaker layout positions


3.4 HpIR Measurement & Compensation Filter Generation
At the beginning of the session, all participants had their individualized Headphone Impulse Responses (HpIR) measured. The headphones used for this test were Sennheiser HD800 headphones. The headphone equalization by placing a DPA4060 microphone in a custom-made 3D print holder. This custom-made apparatus provides repeatability for the headphone impulse response measurements and is depicted in Figure 1:
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Figure 1 - Custom-made DPA4060 holder for BRIR and HpIR measurements
For the individualized HpIR measurements, participants were instructed to place the Custom-made DPA4060 holder as shown in Figure 1, with the wire wrapping around the ear. This setup corresponds to a blocked-ear canal measurement procedure.  
The HpIRs were then measured as the mean of 5 repeats per subject, by playing one log sine sweep per ear per repeat. Between each of the five repeats, the participants removed and replaced the headphones. The resulting HpIRs were truncated and windowed to 2048 samples. The measurement repeatability is illustrated for one representative subject in Figure 2.
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Figure 2 - Example of measured Headphone Transfer Function measured for one subject (5 repeats)

After measurement of the five HpIR repeats, the test administrator generated an individualized headphone compensation filter for each subject. The compensation filters were generated using the AKTools AKregulatedinversionDemo.m from TU Berlin script with the following configuration parameters:
· Dynamic range: 60dB
· Target function: 2nd order 100 Hz lowpass cascaded with 1st order 20kHz highpass 
· Inversion method: 4 
· regularized LMS inversion 
· Fine octave smoothing: 1/6th octave
· Course octave smoothing: 1 octave
· Regularization beta: 0.2
· Regularization response: between 1kHz and 20kHz
The entire HpIR Measurement & Compensation Filter Generation took less than 5 min per subject.
3.5 BRIR Measurement
Following the measurement of the Headphone Impulse Response and immediately prior to the administration of the listening test, all participants had their Binaural Room Impulse Responses measured. To limit test time, the test administrator measured 6 of the 28 speaker locations, indicated in Table 2. 
	Code
	Speaker Number
	Azimuth
	Elevation

	F (front)
	1
	+000
	+000

	FL (front-left)
	2
	+030
	+000

	L (left)
	6
	+090
	+000

	RR (rear-right)
	11
	-135
	+000

	FLU (front-left-up)
	14
	+045
	+035

	FRD (front-right-down)
	28
	-045
	-015


Table 2 - Loudspeaker directions used for this experiment

The BRIRs were measured from 6 loudspeaker locations without removing the microphones positioned for the last HpIR measurement. BRIR from each loudspeaker location were measured as the average of 4 logarithmic sine sweep repeats. BRIRs were then truncated and windowed to be 8192 samples. This length was chosen as sufficient to contain all the audible reverb in the test environment.

In addition to the individualized BRIRs, a set of BRIRs was obtained for the GRAS Head and Torso Simulator in the same environment.

The entire BRIR Measurement took approximately 5 min per subject.

3.6 Test and Reference Conditions generation
3.6.1 Source Material
Only one source material was used for this test. The source material is a Maximum Length Sequence (MLS) burst of order 15 at a 48kHz sample rate (approximately 0.7s). This test material was chosen based on the experience in previous Binaural Synthesis experiments where the experimenters observed that the audio quality discrimination with the broadband bursts is superior to other sounds (e.g. drum snare, speech, etc.).
3.6.2 Test Conditions
For each subject, the source material was convolved in the time domain with 6 BRIR sets (corresponding to different loudspeaker locations), generating 6 sets of binauralized signals. Each of these 6 binauralized signals were then convolved with the Individualized Headphone Equalization filters and a Headphone Equalization Filter obtained using the GRAS head and torso simulator. The Headphone Equalization Filter obtained using the GRAS head and torso simulator followed the same equalization process, including using the DPA4060 custom-mount microphones. In addition, for testing, the non-headphone equalized sets of binauralized signals were also used.
All test sources were normalized to be full-scale MLS signals (i.e. they were divided by the maximum of the absolute value of the two channels before writing to 16 bit wav).
This process resulted in the following test condition matrix, with each matrix cell having 6 different loudspeaker locations for evaluation:
	BRIR/HpIR
	none
	ind
	gras

	ind
	C01
	C02
	C03

	gras
	C04
	C05
	C06


Table 3 - Test Condition Matrix
C01: An individualized BRIR with no Headphone Equalization
C02: An individualized BRIR with individualized Headphone Equalization
C03: An individualized BRIR with GRAS Headphone Equalization
C04: A GRAS BRIR with no Headphone Equalization
C05: A GRAS BRIR with individualized Headphone Equalization
C06: A GRAS BRIR with GRAS Headphone Equalization
3.6.3 Reference Conditions
Six reference conditions were also generated for the test as shown:
	loc1
	loc3
	ext1
	ext3
	col1
	col3

	R01
	R02
	R03
	R04
	R05
	R06


Table 4 - Matrix of Anchor Conditions

R01: A “bad” localization anchor; 90 degree clockwise rotation of BRIR (A+090 becomes 
A+000)
R02: A “fair” localization anchor; 30 degree clockwise rotation of BRIR (A+030 becomes 
A+000)
R03: A “bad” externalization anchor; BRIR truncated and windowed to 256 samples
R04: A “fair” externalization anchor; BRIR truncated and windowed to 2048 samples
R05: A “bad” coloration anchor; lowpass filtered by 2nd order Butterworth with 3.5kHz cutoff
R06: A “fair” coloration anchor; lowpass filtered by 2nd order Butterworth with 7kHz cutoff
3.6.4 Test and Reference Conditions Naming Convention
The file naming test convention adopted was as follows: 

<subject>_<reference>_<brir_type>_<hpir_type>_A<pos_string>_E<pos_string>.wav

<subject> name of subject

<reference> [ext1, ext2, loc1, loc3, col1, col3] or empty (only present for reference condition files)
· ext1: bad externalization anchor; BRIR truncated and windowed to 256 samples
· ext3: fair externalization anchor; BRIR truncated and windowed to 2048 samples
· loc1: bad localization anchor; 90 degree clockwise rotation of BRIR (A+090 becomes 
A+000)
· loc3: fair localization anchor; 30 degree clockwise rotation of BRIR (A+030 becomes 
A+000)
· col1: bad coloration anchor; lowpass filtered by 2nd order Butterworth with 3.5kHz cutoff
· col3: fair coloration anchor; lowpass filtered by 2nd order Butterworth with 7kHz cutoff

<brir_type> [ind, gras]
· ind: individually recorded BRIR used for compensation
· gras: GRAS KEMAR recorded BRIR used for compensation

<hpir_type> [none, ind, gras]
· none: no headphone compensation
· ind: individually calculated headphone compensation filter used
· gras: GRAS KEMAR recorded headphone compensation filter used

<post_string> [+,-]ddd
· e.g. +000, -135, +090, etc…

3.7 Training Session
Following conclusion of the equalization and sample generation process, a short training session was administered to the listeners, to familiarize the listeners with the task. The listeners were instructed to listen to the reference sample over loudspeakers without wearing the headphones and then wear the headphones and listen to the binauralized presentation. The listeners were further instructed to always look at the center of the screen (positioned in front of the listeners) when listening to the samples and making the assessments.
The short training session consisted of 7 randomized trials, with the same reference conditions for each subject (true individual and 6 anchor conditions):
· <subject>_ind_ind_A+000_E+000.wav (individual 8192 BRIR, individual HpIR)
· <subject>_ext1_ind_ind_A+000_+E000.wav (individual 256 BRIR, individual HpIR)
· <subject>_ext3_ind_ind_A+000_+E000.wav (individual 2048 BRIR, individual HpIR)
· <subject>_loc1_ind_ind_A+000_+E000.wav (<subject>_ind_ind_A+090_+E000)
· <subject>_loc3_ind_ind_A+000_+E000.wav (<subject>_ind_ind_A+030_+E000)
· <subject>_col1_ind_ind_A+000_+E000.wav (true individual with 2nd order butterworth lp 7khz)
· <subject>_col3_ind_ind_A+000_+E000.wav (true individual with 2nd order butterworth lp 3.5khz)
The training session took ~5-10 minutes and the test administrator was present in the room during the training session to answer the subject’s questions.
3.8 Listening Session
All listeners assessed 42 randomized trials with the 6 reference conditions (as described in Test File Naming Convention) and 36 test materials (6 conditions with 6 speaker locations each).
The listeners had access to a printed instruction sheet containing the information in Table 5:
	Comparing the headphone presentation with the loudspeaker presentation, how do you judge the headphone presentation with regards to the following qualitative attributes?

	

	Coloration:

	5	Excellent	(source coloration matches reference)

	4	Good			(source coloration nearly matches reference)

	3	Fair			(source coloration differs somewhat from reference)

	2	Poor			(source coloration differs substantially from reference)

	1	Bad			(source coloration differs extremely from reference)

	

	Localization:

	5	Excellent	(source azimuth and elevation match reference)

	4	Good			(source azimuth and elevation nearly match reference)

	3	Fair			(source azimuth and elevation differ somewhat from reference)

	2	Poor			(source azimuth and elevation differ substantially from reference)

	1	Bad			(source azimuth and elevation differ extremely from reference)

	

	Externalization:

	5	Excellent	(source externalization and distance matches reference)

	4	Good			(source is externalized and distance nearly matches reference)

	3	Fair			(source is externalized, but distance differs somewhat from reference)

	2	Poor			(source is externalized, but distance differs substantially from reference)

	1	Bad			(source has no externalization and/or distance differs extremely from reference)


Table 5 - Instructions for listeners

A cross-platform listening test GUI was developed using wxPython and used to administer the test. Only integer based voting was allowed through the GUI. 
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Figure 3 - GUI used for the listening tests

Each trial took an average of ~45 seconds, for a total of ~35 minutes. Subjects were given a 5minute break after 21 trials (half-way through the test)
4. Participants
Twelve participants, including male and female participants with ages ranging between 25 to 60yrs old participated in this experiment.
5. Results
Results are summarized in Table 6 and Figures 4, 5 and 6. 
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Table 6 - Summary of results for experiment on assessment of BRIR and HpTF to binaural perception


6. Analysis
As expected, C02, the condition of individualized BRIR with individualized headphone equalization outperformed all other test conditions on the average of the three ratings. C02 was also the only condition to produce a mean equal or higher than 4.0 for all three attributes. Compared to the more commonly used condition in listening tests, C04, i.e. the BRIRs of a HATS with no headphone equalization, there are statistically significant differences in favor of C02 for all three attributes, with localization a full 1.0 MOS apart. 
However, C06, using the GRAS BRIRs along with the GRAS HpTF compensation, also has statistically significant advantages over C04 and is a practical alternative to reduce localization and coloration errors in LiQuImAS experiments.
Finally, consistent with the observations from experiments in [2], “mixing” HpTFs with BRIRs from different sources leads to some problems. For example, when using a HATS BRIR is preferable to use the HATS HpTF compensation instead of an individualized HpTF compensation. This can be observed by comparing the coloration results of C05 and C06
7. Conclusion
A method to derive Mean Opinion Scores for externalization, coloration and localization when using different headphone equalization and different head related transfer functions is proposed. The methodology addresses the aspects of headphone equalization and individualized HRTFs and demonstrates the impact of these components when attempting to accurately binauralize a signal. The methodology can be performed in less than one hour, including customized filter derivation procedure and assessment. The Source proposes to adopt this methodology for the evaluation of HRTFs and Headphone Equalization. The Source further proposes to perform Headphone Equalization corresponding to the set of HRTFs used for binauralization when performing listening tests over headphones.
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Row LabelsBRIR HpTF eq. LOC added errorBRIR length LP Filter LOCEXT COLLOCEXT COLLOCEXT COL

 C01 IndividualizedNone 0 8192None

4.03 4.06 3.03 0.90 0.89 0.96 0.21 0.21 0.23

 C02 IndividualizedIndividualized 0 8192None

4.42 4.39 4.01 0.76 0.80 0.80 0.18 0.19 0.19

 C03 IndividualizedGRAS 0 8192None

4.25 4.31 3.56 0.96 0.70 1.10 0.23 0.17 0.26

 C04 GRAS None 0 8192None

3.42 3.96 2.29 1.16 0.86 0.62 0.27 0.20 0.14

 C05 GRAS Individualized 0 8192None

3.78 4.15 3.08 1.15 0.87 0.99 0.27 0.20 0.23

 C06 GRAS GRAS 0 8192None

3.75 4.22 3.50 1.11 0.72 0.79 0.26 0.17 0.18

 R01 IndividualizedIndividualized 90 8192None

1.08 4.50 4.17 0.29 0.52 0.83 0.07 0.12 0.20

 R02 IndividualizedIndividualized 30 8192None

1.67 4.33 3.92 0.65 0.65 1.00 0.15 0.15 0.23

 R03 IndividualizedIndividualized 0 256None

3.00 1.58 2.17 1.13 0.67 0.72 0.27 0.16 0.17

 R04 IndividualizedIndividualized 0 2048None

4.08 3.33 3.58 0.67 1.30 1.08 0.16 0.31 0.25

 R05 IndividualizedIndividualized 0 81923.5kHz

4.00 3.83 1.50 0.95 1.03 0.67 0.22 0.24 0.16

 R06 IndividualizedIndividualized 0 81927kHz

3.83 3.83 2.92 1.11 0.83 0.67 0.26 0.20 0.16

Mean Stdev CI95% Test and Reference Conditions


image1.png




