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Abstract
[bookmark: _Hlk4753168][bookmark: OLE_LINK99][bookmark: OLE_LINK100][bookmark: OLE_LINK101]This contribution is a follow-up of Tdoc S4-190405. It investigates whether HATS is suitable for measurements of non-traditional earpieces by comparing subjective and objective loudness measurements. The results of this investigation support the performance of HATS as a measurement tool for handsets with a vibrating display in the frequency range 200Hz to 12.5kHz.
1. Introduction
3GPP UE’s Receive Frequency Response (RFR) and Receive Loudness Rating (RLR) are measured with Head and Torso Simulators (HATS). With traditional earpiece designs, the perceived loudness comes from acoustic radiation into the ear canal. With non-traditional earpieces, such as vibrating displays, sound may be transmitted to the user by other mechanisms (e.g. tissue conduction). Because HATS primarily measure acoustic radiation through the ear canal, one question is whether HATS is suitable for measurement of handsets featuring non-traditional earpieces.
To compare objective and subjective assessments of loudness on devices featuring a traditional and non-traditional earpiece (vibrating display), an experimental methodology was developed by the source.
2. Description of experimental apparatus
2.1	Traditional and Non-Traditional Earpiece prototypes.
Two handset prototypes were developed for this experiment. Prototype 1 incorporates a 27ohm 15x6mm earpiece (traditional earpiece) radiating sound through an acoustic port on the display, and Prototype 2 incorporates an 8ohm 15x6mm actuator directly attached to the prototype display. Apart from this difference, both prototypes are identical. See Figure 1. Improved prototype acoustic sealing was achieved through an added layer of material at the bottom of the prototype screen and putty for screen fastening.
Figure 1 – Prototypes produced (one with traditional earpiece, other with vibrating display)
[image: ][image: ][image: ]


Handsets were positioned on two HATS models for objective frequency response measurement. In both cases, the prototypes were positioned according to ITU-T Rec. P.64 (A = 21.2°, B = 12.9°, C = 2.3°). HATS 1 was a Bruel & Kjaer Type 5128 with Type 4606 Handset Positioner and Centering Fork UA-1537. HATS 2 was a Head Acoustics HMS II.3 artificial head with HHP III handset positions system. In both cases, the prototypes were mounted with End-Stop adjustment set to 17mm. See Figure 2.
Figure 2 - Handset positioned on HATS 1 and HATS 2
[image: ]	[image: ]
2.2	Playback system
To drive Prototype 1 and Prototype 2, a personal computer (PC) was connected to an RME MADIface Pro USB digital audio interface. Prototype 1 was directly driven by the MADIface headphone output (Analog 3). Prototype 2 was driven by a Bruel & Kjaer Type 2716C amplifier with +12dB of gain which was in turn connected to the MADIface Analog 1 output. 
For wideband objective measurements in section 3.1 and band-passed level adjustment in section 3.2, Adobe Audition was used for digital audio playback. For level adjusted measurements in section 3.2 and the subjective loudness matching in section 3.3, Max/MSP was used for digital audio playback. A Griffin Technology PowerMate USB Volume Knob was used to allow control of the playback level during subjective loudness matching. See Figure 4 for the block diagram. 
Figure 4 – Block diagram of test apparatus for the experiment
[image: ]
3. Description of experimental procedure
3.1	Wideband Objective Measurements on HATS
The wideband pink noise responses of Prototypes 1 and 2 were objectively measured on HATS 1 and 2, using the handset positioner settings described in section 2.1. The force was adjusted to 2N, 8N, 13N to span a range of mounting conditions. The measurements were accomplished by playing -18dBFS pink noise through the playback system described in section 2.2 (using Adobe Audition for digital audio playback). The system playback gain was adjusted such that the acoustic sound pressure level was 79dBSPL at the Ear Reference Position (ERP) for Prototype 1 (traditional earpiece) mounted on HATS 1 (Bruel & Kjaer Type 5128) with a force of 8N. The same system gain was then used for Prototype 2 (non-traditional earpiece), HATS 2 (Head Acoustics HMS II.3), and all other mounting forces (2N and 13N). Figure 5 shows the ERP level measurements in 3rd octave bands for all Prototype, HATS, and force conditions.
Figure 5a - Earpiece level (Prototype 1) and Actuator level (Prototype 2) level on HATS 1
[image: ]
Figure 5b - Earpiece level (Prototype 1) and Actuator level (Prototype 2) on HATS 2[image: ]
Attenuation at low frequencies (below 1.6kHz for HATS 1 and below 2kHz for HATS 2) is seen for both HATS and both prototypes as the application force is decreased from 13N to 2N. Table 1 presents the mean attenuation (200Hz-1.6kHz) between 13N and 2N of application force for all conditions. For both HATS, Prototype 1 demonstrates more low frequency leakage than Prototype 2 (~3dB). Furthermore, HATS 2 demonstrates more low frequency loss than HATS 1 independent of prototype (~4dB). 
Table 1 – Mean attenuation (200Hz-1.6kHz) with varying application force
	HATS
	Prototype
	Mean 13N to 2N Attenuation

	HATS 1
	Earpiece (Prototype 1)
	-10.57dB

	HATS 1
	Actuator (Prototype 2)
	-8.11dB

	HATS 2
	Earpiece (Prototype 1)
	-15.48dB

	HATS 2
	Actuator (Prototype 2)
	-11.74dB




3.2	Band-passed Objective Measurements on HATS
Band-passed pink noise level calibration was accomplished by playing 1/3rd octave band-passed pink noise through the playback system described in section 2.2 with Adobe Audition. The level of each noise band was adjusted to match roughly 79dBSPL at the Ear Reference Position (ERP) when Prototype 1 (traditional earpiece) was mounted with a force of 8N on HATS 1. 
After calibration, band-passed pink noise responses were measured through Max/MSP with both prototypes on both HATS using the level calibrated band-passed pink noise as stimuli. Figure 6 shows the ERP level measurements in each 1/3rd octave band for both prototypes on both HATS at 8N of force.
Figure 6 – Band-passed Earpiece level (Prototype 1) and Actuator level (Prototype 2) on both HATS[image: ]
Prototype 1 was successfully calibrated to +/-1dB around a nominal level of 77dBSPL for all bands from 200Hz to 12.5kHz on HATS 1. The -2dB difference between the target level of 79dBSPL and achieved nominal level of 77dBSPL may be due to a software switch between Audition and Max/MSP for digital audio playback. 
The relative level between Prototype 1 and Prototype 2 for each 3rd octave band is used as the objective transfer function in the following section. Figure 9 includes the transfer functions () computed for both HATS, where and  are the 3rd octave band responses of Prototype 1 and 2, respectively.
3.3	Subjective Loudness Matching
For the subjective loudness matching, eight participants were tasked with comparing the perceived loudness of Prototypes 1 and 2 for each level adjusted, band-passed pink noise stimulus. Participants were asked to hold both handsets in a comfortable position. The test administrator ensured consistent positioning throughout the test. Figure 7 demonstrates a standard positioning for one subject. 
Figure 7 – Indicative handset positioning during loudness matching
[image: ]
Each participant completed two sessions. In each session, nineteen 3rd octave bands (200Hz-12.5kHz) were assessed. Between each session the side where Prototype 2 was held (left or right) was reversed. In each trial, participants were asked to adjust the level of Prototype 2 to match the perceived loudness of Prototype 1 using the Griffin Technology PowerMate USB Volume Knob. The volume knob allowed adjustment in steps of 0.5dB and a range of -24dB to +24dB. The starting gain of Prototype 2 was randomly adjusted between -5dB and +5dB. The order of the frequencies presented was also randomized.
An interface for the listening test was developed in Max/MSP and is shown in Figure 8. Playback switching between the two prototypes (left and right) was signalled by the subject (verbally or through gestures) and carried out by the test administrator. All tests were completed in an anechoic chamber.
Figure 8 - Graphical User Interface for listening test
[image: ]

4. [bookmark: OLE_LINK34][bookmark: OLE_LINK35][bookmark: OLE_LINK72]Loudness Matching Results
Figure 9 shows the results of the listening tests (i.e. the gain that must be applied to Prototype 2 to match Prototype 1) including mean and 95% confidence intervals, along with the equivalent objective measurement on both HATS at 8N. A full table of descriptive statistics can be found in Table A.1 of section 6.
Figure 9- Results of subjective loudness matching and objective transfer functions from HATS
[image: ]
Generally strong agreement exists between the measured transfer function between earpiece and actuator prototypes on HATS and the mean subjective actuator level adjustment. There is a strong positive correlation between subjective level matching and the HATS 1 transfer function (ρ=0.775; p<0.000) and a strong (although slightly lower) positive correlation between subjective level matching and the HATS 2 transfer function (ρ=0.656; p<0.001). Table A.2 provides more details on the correlation analysis.
Table A.3 presents squared error (SE) per 3rd octave band and wideband root mean squared error (RMSE) calculations comparing the subjective level matching and the two HATS generated transfer functions. The RMSE between subjective results and HATS 1 measurements (RMSE=1.79dB) is ~1dB lower than the RMSE between subjective results and HATS 2 measurements (RMSE=2.83dB). It is interesting to note that the RMSE is nearly identical for the two HATS below 8kHz. However, at and above 8kHz the HATS 2 RMSE is nearly 4dB higher than that of HATS 1. Table 2 presents RMSE data for these two frequency ranges.
Table 2 – RMSE by frequency range
[image: ]
Subjective loudness matching results for each 3rd octave band were compared to HATS data using a two-tailed, one sample t-test with 15 degrees of freedom (t[15] = 2.1314) and a 95% confidence interval. Full t-test results with HATS 1 as reference are presented in Table A.4. Of the nineteen tested frequency bands, subjective adjustment varies significantly from HATS 1 measurements in five (400Hz, 500Hz, 800Hz, 2kHz, and 12.5kHz). A maximum absolute error of 3.065dB occurs at 800Hz.
Table A.5 presents the same t-test methodology with HATS 2 as the reference. Seven of the nineteen frequency bands demonstrate a statistically significant difference between subjective and objective level matching (200Hz, 400Hz, 630Hz, 4kHz, 5kHz, 8kHz, and 12.5kHz). A maximum absolute error of 9.074dB occurs at 12.5kHz.
5. Conclusion
[bookmark: _GoBack]The results support the performance of HATS as a measurement tool for the vibrating display prototype in the frequency range 200Hz to 12.5kHz. There exists a significant and strong positive correlation between subjective loudness matching of traditional and non-traditional earpieces and objectively measured transfer functions between the same two prototypes. The positive correlation exists for both HATS models investigated herein. For these specific prototypes, HATS 1 demonstrated less error than HATS 2 (particularly at high frequencies) between the measured transfer function and subjective level matching. Furthermore, the transfer function measured on HATS 1 has fewer frequency bands, which vary significantly from the corresponding subjective level adjustment, than the transfer function measured on HATS 2. 
6. Annex
Table A.1 – Subjective level matching descriptive statistics
[image: ]

Table A.2 – Objective-Subjective correlation analysis
[image: ]
Table A.3 – SE and RMSE calculated between subjective results and HATS data
[image: ]
Table A.4 – One-sample, two-tailed t-test with HATS 1 as reference
[image: ]
Table A.5 – One-sample, two-tailed t-test with HATS 2 as reference
[image: ]

7. Proposal
The source proposes to include sections 1 to 6 of this contribution to the FS_HaNTE technical report.
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