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1. Introduction
The ATIAS work item develops test specifications for objective characterization of terminals for 3GPP immersive services, including conversational services and non-conversational services. Previously a test method for evaluating the Direction of Arrival (DOA) performance of spatial capture has been proposed for First order Ambisonics (FOA) [1] and Metadata Assisted Spatial audio (MASA) signals [2].
In this contribution an evaluation of the test method is presented. Test measurements with multiple spatial microphones are presented and analysed. Based on the analysis, some possible issues related to the test method are presented and brought up for discussion.
2. Experiments
In the following section, experiment results are presented to drive discussion further regarding the DOA test method for IVAS endpoints. Experiments were conducted to evaluate the applicability of the proposed DOA test method. Furthermore, possible issues regarding the test method were tried to identify. 
2.1 Measurement setup
Performance of four different test signals with length of 5 seconds were evaluated. Test signals under evaluations were: 
· Logarithmic Sine Sweep from 200Hz to 24kHz
· Fullband Pink Noise 
· Male English speech from ITUT-T P.501 7.3 - “FB_male_conditioning_seq_short.wav”
· Female English speech from ITUT-T P.501 7.3 - “FB_female_conditioning_seq_short.wav”

[bookmark: _Hlk126932161]Turn table and multiple loudspeakers with different elevations were utilized for the test. 8 different azimuth angles and 6 different elevation angles were evaluated (in total 41 different angles). Azimuth angles were: 0°, 15°, 30°, 45°, 60°, 90°, 135° and 180°, and elevation angles were -60°, -30°, 0°, 30°, 60° and 90°. For each azimuth angle, each elevation angle was measured, except for 90° which was measured only with azimuth angle of 0°. 
All measurements were done in an anechoic chamber. Four different spatial microphones were evaluated. Microphones under evaluation were:
· Eigenmike 
· Voyage Audio Spatial mic
· Rode SF-1
· Sennheiser Ambeo 
Each capture was converted into a B-format FOA signal and a MASA signal. MASA conversion was done with the IVAS MASA C Reference Software [3] to obtain stereo transport signal and MASA metadata. The input signals were encoded and decoded with IVAS candidate codec technology utilizing bitrate of 512 kbit/s. DOA estimations were done from decoded FOA output and from decoded MASA EXT output. Processing flows are illustrated in the figures below.
[image: ]
Figure 1 Processing flow for DOA estimation from FOA.
[image: ]
Figure 2 Processing flow for DOA estimation from MASA-metadata.
The results of Sennheiser Ambeo spatial microphone captures are presented in the following sections. Rest of measurement results with other devices can be found from the Annex A.
2.2 Analysis
The DOA estimation from the decoded MASA EXT and FOA output were evaluated according to the ATIAS-1 Pdoc v0.3.0 [3] section 2.3. For the FOA evaluation, the DOA was estimated by calculating the intensity values from the time-domain signals instead of the frequency-domain. Time-domain approach should be equivalent to the time-averaged broadband DOA. By calculating the DOA estimate from time-domain signal, a common broadband direction can be estimated.
The average difference between ground truth angles and estimated angles were evaluated by calculating the Mean Absolute Error (MAE) from Absolute Angle Errors between ground truth angles and estimated angles over all the measured angles. MAE values were calculated for each test signal. Mean Absolute Error was calculated as follows:
,
where  is the estimated DOA and   is the ground truth angle at the azimuth  and elevation .





2.2.3 Results
2.2.3.1 Sennheiser Ambeo FOA capture
Sennheiser Ambeo A-format capture was converted into B-format FOA signal. FOA signal was encoded and decoded with IVAS candidate codec technology at bitrate of 512 kbit/s. The DOA analysis was performed for the decoded FOA output. The estimated DOA angles for each measurement points are presented in the Figure 3 below:
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Figure 3 Visualized Direction-of-arrival results of Sennheiser Ambeo FOA capture
The colored circles illustrate the ground truth angles. The ground truth angle is in the center of the circle and radius of the circle is 7.5 degrees. By visually assessing the results, it can be seen that the estimation works very well at the horizontal plane with azimuths below 90 degrees.
Elevated sources seem to be estimated with slightly decreased accuracy. Moreover, when the azimuth is increased above 90 degrees, the accuracy decreases. In addition, a 90 degrees elevated source seems to be evaluated at correct elevation, but the azimuth errors are high. This is understandable, since all the angles with elevation of 90 degrees are pointing in the same direction.
The evaluated Mean Absolute Error over all the measurement points is presented in the Table 1 below:
Table 1 Sennheiser Ambeo Direction-of-arrival MAE results from FOA signal over different test signals. 
	AMBEO FOA to FOA – Mean absolute error of DOA estimate

	
	Sweep
	Pink Noise
	Male speech
	Female speech
	Total

	
	7.91°
	7.06°
	5.29°
	4.86°
	6.28°

	
	4.02°
	3.21°
	1.51°
	1.29°
	2.51°



2.2.3.1 Sennheiser Ambeo MASA capture
Sennheiser Ambeo A-format capture was converted into B-format FOA signal, which was converted further into a MASA signal. MASA signal was encoded and decoded with IVAS candidate codec technology at bitrate of 512 kbit/s. The DOA analysis was performed for the decoded MASA EXT output. The estimated DOA angles for each measurement points are presented in the Figure 4 below:
[image: ]
Figure 4 Visualized Direction-of-arrival results of Sennheiser Ambeo MASA capture
The evaluated Mean Absolute Error over all the measurement points is presented in the Table 2 below:
Table 2 Sennheiser Ambeo Direction-of-arrival MAE results from MASA signal over different test signals
	AMBEO MASA to MASAEXT– Mean absolute error of DOA estimate

	
	Sweep
	Pink Noise
	Male speech
	Female speech
	Total

	
	7.99°
	7.12°
	5.4°
	4.96°
	6.12°

	
	3.43°
	3.12°
	1.5°
	1.26°
	6.17°



Based on the visualized results and the MAE results, the FOA and MASA analysis seems to produce nearly equivalent results. There is small visible variation at the estimated DOAs between two analysis results, but the differences are small. Furthermore, the MAE results differ mostly less than 0.1 degrees. Only estimated MAE at elevation of the Sweep signal is over 0.5 degrees lower with the MASA analysis compared to the analysis from the FOA analysis. 


3. Impact of the test signal
The impact of different test signals was also analyzed. The overall average performances of different test signals over all the measured devices are presented in the below. 
Table 3 Test signal MAE over all measurements
	Average over all the measurements – Mean absolute error of DOA estimate

	
	Sweep
	Pink Noise
	Male speech
	Female speech
	Total

	
	6.40°
	6.48°
	5.72°
	5.89°
	6.12°

	
	6.53°
	6.32°
	5.98°
	5.84°
	6.17°



In overall, the performance between different test signals is rather similar. The speech signals tend to produce the lowest errors in average. All of the utilized test signals were full band signals up to 24kHz. However, the amount of high-frequency energy is probably lower in the speech signals than in Sweep and Pink noise signals, which can be the reason for the better performance with the speech signals. 
Despite the chosen test signal, it may be desirable to limit the frequency range of the test signals. E.g., the test signal could be limited to the frequency range of 200 Hz – 10 kHz.  Such high frequencies can be considered to be less relevant for the directional perception, thus the limiting test signal frequency range could be reasonable. Other approaches to mitigate the impact of highest frequencies for the evaluation could be filtering the capture signals accordingly or weighting certain frequency bands at the analysis stage.

4. Impact of the placement
As the DOA estimation is relative to the DUT position, the placement should be done extremely carefully, as small errors in DUT placement may cause large evaluation errors. A possible constant shift in the placement can be seen from some of the conducted measurements. Such shift in the placement will occur as a certain bias towards a certain direction within measurement points. E.g., based on the visualized results of the estimated azimuths of Sennheiser Ambeo captures, it seems that the DUT might be placed slightly too right or with ~5 degree initial rotation
In addition to the careful placement, a certain number of repeats of the measurements should be done with replacement of the DUT in between the measurements. The estimated errors could be then averaged over multiple measurement sequences.

5. Extreme angles
Although in ideal capture system the direction capture accuracy should be equally good for all directions, in practice extreme angles may produce larger errors. Such cases might need to be taken into an account somehow, as the evaluated performance may seem to be worse, than what is subjectively perceived. 
From the presented results, it is visible that the accuracy of DOA estimation can decrease when the angle of azimuth and/or elevation is increased from the center point. Furthermore, the azimuth error at the poles can be very large, while the real error is small as the distance between points with different azimuths at extreme elevations decreases. 
An easy solution would be to not take the extreme elevation cases into an account for the azimuth evaluation. E.g., azimuth estimations could be made only within elevation range of +/- 60 degrees. Furthermore, elevation accuracy could be evaluated independently from the azimuth.
Another solution would be to use different evaluation metric. In this contribution the Absolute Angle Error was applied as an error metric. Due to the nature of spherical coordinates, the azimuth error at horizontal plane and at large elevations are considered to be equally large errors. However, at the angles with high elevation, an azimuth error can be large, while the error distance is small. One alternative for the Absolute Angle Error could be calculating a distance between two points at estimated DOA and ground truth DOA with a unit distance.
In practice there might be only a few measurement points with extreme angles where the large azimuth errors may occur, thus those measurement points may not have excessive impact for the overall estimated error. In addition, these errors can be handled in the requirements.

6. “Cone of confusion” -error
Cone of confusion refers to an imaginary cone extended from the center of the head where the sound source produces the same phase, time and/or level difference. While the cone of confusion is typically related to a human sound localization, the same phenomenon can happen with mobile devices. As typically a multimicrophone directional analysis can be based on some or all of the aforesaid localization attributes, it is highly possible that sometimes the direction of arrival is confused to come from the mirror point of the real location.
While the presented results did not show any cone of confusion errors, it is probable that such errors occur in small mobile devices with a limited number of microphones. As the devices may estimate the angle to be the mirror angle of the ground truth angle, the error between the estimated DOA and ground truth DOA can be very high. Furthermore, such large errors don’t necessary lead to a high degradation of perceived directional audio quality. 
Furthermore, as typically small mobile devices don’t produce a lot of shadowing, the cone of confusion area may be larger with such devices compared to the human’s cone of confusion area. This may cause that such errors can appear at any measurement point. Typical example of larger cone of confusion area of small mobile device could be the front-back error. It is not unusual that the sound from the back of the device is localized in the front of the device. While the azimuth error of such case would be very high, it may not be perceived at all.
Possible approach for addressing such errors could be e.g., allowing a certain number of such errors to be acceptable in the requirements. Furthermore, if such errors are outliers in the measurement data, they could be discarded if the number of errors is acceptable.

[image: ]
Figure 5 Visualization for cone of confusion
7. Conclusion
The evaluation of the proposed DOA test method is presented in this document. Results of the Sennheiser Ambeo capture was presented. In addition, 3 other microphone capture results were delivered. The plots of the estimated angles were presented, as well as the Mean Absolute Error over all the measurement points. According to the presented results, the DOA analysis based on FOA and MASA signals were found to produce nearly equivalent results.
Possible issues regarding the extreme angles, error calculation method, placement of the DUT, and cone of confusion errors were presented. Furthermore, different approaches for how to handle the presented issues were discussed.
The presented results and discussion are proposed to be documented, and further taken into account in the future discussions regarding the requirements and test design. Furthermore, the source would see it beneficial to improve the documentation of provided evaluation results concerning proposed test methods in ATIAS-1 Permanent document by e.g., adding an annex comprising short abstracts and references of relevant documents. 
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Annex A:
A.1 Eigenmike results
A.1.1 Eigenmike FOA capture
Raw Eigenmike capture was converted into B-format FOA signal. FOA signal was encoded and decoded with IVAS candidate technology at bitrate of 512 kbit/s. The DOA analysis was performed for the decoded FOA output.
[image: ]
Figure 6 Visualized DOA results of Eigenmike FOA capture.

Mean Absolute Error of estimated spherical angles are presented in the Table 4 below:

Table 4 Eigenmike results of DOA analysis from decoded MASA EXT output.
	Eigen to MASA to MASAEXT– Mean absolute error of DOA estimate

	
	Sweep
	Pink Noise
	Male speech
	Female speech
	Total

	
	3.85°
	3.9°
	3.62°
	3.83°
	3.8°

	
	1.76°
	2.24°
	1.7°
	1.99°
	1.92°





A.1.2 Eigenmike MASA capture
Raw Eigenmike capture was converted into MASA format. MASA input signal was encoded and decoded with IVAS candidate technology at bitrate of 512 kbit/s. The DOA analysis was performed for the decoded MASA EXT output.
[image: ]
Figure 7 Visualized DOA results of Eigenmike MASA capture.

Mean Absolute Error of estimated spherical angles are presented in the Table 5 below:

Table 5 Eigenmike results of DOA analysis from decoded MASA EXT output.
	Eigen MASA to MASAEXT– Mean absolute error of DOA estimate

	
	Sweep
	Pink Noise
	Male speech
	Female speech
	Total

	
	3.9°
	3.83°
	3.87°
	3.65°
	3.81°

	
	1.52°
	1.61°
	1.78°
	1.96°
	1.72°






A.2 Voyage Audio Spatial Mic
A.2.1 Voyage Audio Spatial Mic FOA capture
The Voyage Spatial Mic capture was converted into a B-format FOA signal. FOA signal was encoded and decoded with IVAS candidate technology at bitrate of 512 kbit/s. The DOA analysis was performed for the decoded FOA signal.
[image: ]
Figure 8 Visualized DOA results of Voyage Audio Spatial mic FOA capture.

Mean Absolute Error of estimated spherical angles are presented in the Table 6 below:

Table 6 Voyage Spatial Mic results of DOA analysis from decoded FOA output.
	Voyage FOA to FOA – Mean absolute error of DOA estimate

	
	Sweep
	Pink Noise
	Male speech
	Female speech
	Total

	
	4.17°
	5.5°
	5.27°
	6.63°
	5.39°

	
	8.02°
	7.63°
	7.09°
	6.60°
	7.34°







A.2.1 Voyage Audio Spatial Mic MASA capture
Voyage Spatial Mic raw capture was converted into a B-format FOA signal, which was further converted into MASA format via MASA C-ref. MASA input signal was encoded and decoded with IVAS candidate technology at bitrate of 512 kbit/s. DOA analysis was performed for the decoded MASA EXT output.
[image: ]
Figure 9 Visualized DOA results of Voyage Audio Spatial mic MASA capture.

Mean Absolute Error of estimated spherical angles are presented in the Table 7 below:

Table 7 Voyage Audio Spatial mic results of DOA analysis from decoded MASA EXT output.
	Voyage MASA to MASAEXT– Mean absolute error of DOA estimate

	
	Sweep
	Pink Noise
	Male speech
	Female speech
	Total

	
	4.01°
	5.28°
	5.29°
	6.33°
	5.23°

	
	7.99°
	7.72°
	7.68°
	6.81°
	7.55°







A.3 RODE SF-1
A.3.1 Rode SF-1 FOA capture
Rode SF-1 A-format capture was converted into a B-format FOA signal. FOA signal encoded and decoded with IVAS candidate technology at bitrate of 512 kbit/s. DOA analysis was performed for decode FOA output.

[image: ]
Figure 10 Visualized DOA results of Rode SF-1 FOA capture.

Mean Absolute Error of estimated spherical angles are presented in the Table 8 below:

Table 8 Rode SF-1 results of DOA analysis from decoded FOA output.
	RODE FOA to FOA– Mean absolute error of DOA estimate

	
	Sweep
	Pink Noise
	Male speech
	Female speech
	Total

	
	9.61°
	9.49°
	8.59°
	8.39°
	9.02°

	
	12.29°
	12.09°
	13.26°
	13.26°
	12.73°







A.3.2 Rode SF-1 MASA capture
Rode SF-1 A-format capture was converted into a B-format FOA signal which was further converted into a MASA signal. MASA signal was encoded and decoded with IVAS candidate technology at bitrate of 512 kbit/s. DOA analysis was performed for decoded MASA EXT output.

[image: ]
Figure 11 Visualized DOA results of Rode SF-1 MASA capture.

Mean Absolute Error of estimated spherical angles are presented in the Table 8 below:

Table 9 Rode SF-1 results of DOA analysis from decoded MASA EXT output.
	RODE MASA to MASAEXT– Mean absolute error of DOA estimate

	
	Sweep
	Pink Noise
	Male speech
	Female speech
	Total

	
	9.78°
	9.63°
	8.42°
	8.45°
	9.07°

	
	13.23°
	12.9°
	13.33°
	13.56°
	13.26°
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